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ABSTRACT

An engineering procedure for determining the distribution
of loads in the mechanically fastened joints of splice and doubler
installations has been developed. Methods for both hand analyses
and computer analyses are presented. Routines for solution by,
digital computer are provided.

The methods are generally limited to the cases of a single
lap arrangement and a single sandwich arrangement, but the case of
multiple (stacked) members is discussed. The members may have any
form of taper or steps and the effects of fastener-hole clearance,
or t"slop", and plasticity can be accounted for. The particular
primary data that must be supplied but which are not generally
available in the literature are the spring constants of the
fastener-sheet combinations.

A test program has been carried out to substantiate the
methods and the results are included.

This abstract is subject to special export controls and each
transmittal to foreign governments or foreign nationals may be made only
with prior approval of Air Force Flight Dynamics Laboratory (FDTR),
Wright-Patterson Air Force Base, Ohio, 4533.
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NOMENCLATJRE, SYMBOLS AND DEFINITMICNS

A area of a cross-section

B a ratio of two thicknesses

C constant of integration

D designation for an axial member, either a doubler or the upper
member in a splice; also used to designate a hole diameter

2 vmodulus of elasticity

e natural logarithm base; also designates an eccentricity

ft a tensile stress

fe a compressive stress
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F an allowable stress

G modulus of elasticity in shear

h dimension involving thicknesses of axial members and the bond

k spring constant of a member or of a fastened joint

the "secondary spring constant of a fastened joint obtained in
unloading or reloading the joint.

L the length of a member, or of an element of a member

m a subscript referring to the number of a set of calculations
within a larger set.

n a subscript referring to the number of a member or of a calculated
value

p fastener spacing (or "pitch")

P internal load

q internal shear flow

applied shear flow

Q applied axial load

r a ratio of loads
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R an external reaction

S designation for a base structure member, or the lower member in
a splice

t a thickness

T a tension or compression load in a direction normal to the
applied axial loads.

U strain energy

w normal running load (lbs/in.)

W width of an axially loaded member

x coordinate in the direction of the axial load

z coordinate normal to x (or "vertical")

the total strain in a member (or in an element of a member) or in a
fastened joint; referred to as the "deflection" ih a fastened
joint

La• an increment

-y• Poisson's ratio

Ac the initial clearance or "slop" in a fastened joint.

Ij '•

xvi



SECTION I

INTRODUCTION

Ioi GENERAL

There are numerous occasions both in the design stages and
in the service life of aerospace vehicles when it may be desirable to
use either splices or doublers (reinforcing members) having many rows
of fasteners in the direction of the applied loading. The proper, or
the optimum, arrangement of such members requires a definition of the
loads transferred by the various fasteners. To be practical this
definition of loads must also reasonably account for possible fastener-
hole clearance (or "slop") and for loadings that carry the joints into
the plastic range. Once defined, the fastener loads can be used to
assess the structure for adequacy under any general criteria. That is,
where a stipulated fatigue life is a requirement the local fastener
bearing stresses on the members must be small enough so as not to re-
sult in an unacceptable fatigue life limitation. And, where yielding
and/or ultimate strength are the criteria, the fastener loads must be
small enough that these are satisfied. Finally, any such methods of
analysis should be useable for a hand analysis of specific structures.
That is, even though a computer program is available and even though
some "idealization" of the structure may be necessary, the advantages
of hand analyses can be numerous in many instances.

1.2 LITEMAWMR SUR=

A considerable number of published papers, reports and text-

books containing discussions related to the subject of this report have
been reviewed. These ate listed in the Bibliography. Those which
appear to be most pertinent for this effort are listed as References
and are referred to in the applicable seetion of this report. In
general it was found that most discussions were for spliced members
having a bonded joint, a few were for spliced members with bolted
or riveted joints, but none were found for the case of the installation
of a doubler. Where outlined, most methods were limited to the elastic
range, the members and attachments were uniform (no taper or steps),
the effect of fastener-hole clearance was not included and, importantly,,
no significant data defining the stiffnesses (or the "spring constants")
of the fastener-sheet joints appears to be in the literature. Summari-
zing, the present literature does not appear to provide the engineer
with suitable general methods and data necessary for proceeding with
the analyses of doubler and splice installations having mechanically
fastened joints. A brief description of these references follows.

Reference (1) makes use of a large rubber analog (model) for
measuring and actually observing, by marked grid-lines, the displace-
ments taking place in a cemented and in a riveted joint. The report
is interesting in that it gives a better insight as to the physical
manner in which such joints actually deform. A theoretical analysis

1



for a cemented joint is presented and the results obtained by using it
were verified from tests of the model. The tension forces across the
joint, as well as the shear distribution were discussed. No qualita-
tive data or methods were presented, however, that could be used
directly for predicting the load distribution in a mechanically
fastened joint. The analysis presented uses the elementary theory and
is for the lap splice only. The effects of fastener "slop" and
plasticity are not included.

Reference (3) is generally referred to as the "exact"
analysis of a bonded lap splice. Equations are developed for the
shearing and "tearing" (tension) stresses in the bond. The equations
are quite lengthy and involve hyperbolic functions. The extreme cases
of a relatively flexible bond and of a "rigid" bond are evaluated.
The members are uniform (no taper). The results are of interest pri-
marily for the case of short bonded lap splices, rather than for
mechanically fastened joints.

Reference (4) discusses the analogy between the distribution
of current in a ladder-type resistance network and the distribution of
loads in a bolted joint (and also in stiffened panels), A simple
"computer" consisting of variable resistors and a constant current
source was described. It s use was shown ýo give a very rapid
determination of bolt loads with an accuracy quite acceptable for eng-
ineering design. Such a simple computer would be especially useful
where long joints are involved and also where unsymmetrical structural
arrangements are present. It would also serve to define load distri-
butions in stiffened panels where shear-lag effects are present.

Reference (5) presents (as part of a larger effort) a com-
puter program for the determination of fastener loads in a splice
having multiple axial members. The program is based upon the element-
ary theory and arrives at the fastener loads by solving simultaneous
equations. Hence, it is not useful for hand analyses. This reference
is discussed further in Section IV.

Reference (6) is the first major effort published by the
NACA on the subject. Only the symmetrical case is discussed, however.
An equation for determining the spring constants of bolts in double
shear and in the elastic range is presented. The method consists of
using an equation developed for the load relationship between adjacent
fasteners to obtain the loads in all of the fasteners in the elastic
range. Hence, as presented, the method is restricted to bolted sym-
metrical butt joints in the Elasti -ange. No consideration is given
to unsymmetrical arrangements, bol .aole clearance, or stresses above
the elastic range. Tests were carried out which verified the results
of the method.

Reference (7) is an extension of the earlier work in Refer-
ence (6). It consists essential~y of developing a ,'recurrence formula"
which can be used, with the appropriatc boundary conditions, to rapidly

2



write simultaneous equations for the bolt loads. Then, to avoid the

solution of simultaneous equations, a method of solution by a finite-

difference equation is presented for uniform bolt size and spacing.

This enables the direct solution of each bolt load to be obtained. The
analogy between the bolted joint problem and the shear lag problem was
mentioned and the shear-lag equation for single-stringer structures
(NACA Report 608) was used to obtain the individual bolt loads. The
main advantage of this method over the earlier effort is a saving of

computational labor when a long joint with many fasteners is involved.
It, too, is restricted to bolted symmetrical butt joints in the elP3tic

range and also to uniform bolt size & spacing for the special techniques.

Tests were carried out which verified the results obtained by the calcu-

lations.

1.3 SCOPE AND APPLICATIONS

The purpose of this effort is to provide the engineer with
useable methods for determining the load distributions in any practical
structural splice or doubler arrangement. The methods are generally
restricted to a single lap or to a single sandwich (3 axial members)
but it is believed that this covers the majority of practical cases
likely to be encountered. The effects of both fastener hole clearance
( t 1slop") and plasticity can be accounted for. The load distributions
can be calculated either by hand analyses or by using either a digital
or an analog computer There are two types of hand analyses. One type

(Method 1) uses theoretical formulas that are strictly applicable only
for the case of uniform members in the elastic range and does not ac-
count for fastener-hole clearance. The other type of hand analysis
(Method 2) is a numerical procedure and hence applies to any case since
the effects of taper, fastener-hole clearance and plasticity are ac-
counted for. The results of a test program carried out to assist in
defining parameters and to substantiate the method are presented.

The use of splices in aerospace vehicle structures is well
known. It is accepted as "good design practice" to use a minimum
number of rows of attachments in designing splices, but there are
occasions when such practice cannot be observed and many rows are re-
quired. It is in these cases, particularly, that an accurate determin-
ation of the individual fastener loads is necessary.

The use of doublers in aerospace vehicle structures would
possibly be made for any of several general purposes which are

a. Reinforcement for strength purposes in order to

(1) strengthen an existing structure

(2) salvage a damaged area

(3) strengthen an axially loaded member having a "cut-

out"

3
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In any case the possibility of a limitation in fatigue
life due to such a doubler installation should be consid-
ered as a possible unacceptable limitation. If this is
no problem, then either a yielding or strength capability
is the main criteria.

b. Reinforcement for fatigue purposes in order to:

(1) increase the life of an existing design

(2) properly salvage a damaged structure from a service
life consideration.

(3) salvage a "fatigue damaged" structure (i.e. where,
fatigue damage has been accumulated too rapidly in a
particular vehicle or group of vehicles)

c. Reinforcement for stiffness purposes which should include
a consideration of a possible fatigue life limitation.

d, Although not necessarily intended as such, any member at-
tached to an axially loaded structure will act as a
doubler, picking up load. In such cases an investigation
of possible harmful effects on fatigue life is sometimes
desirable or necessary.

e. An additional application of the method is in investiga-
ting the possible consequences of ending a member, such
as a stringer, that is attached to a skin or sheet.
Occasionally such practice may be desirable from the
manufacturing or salvage standpoint, and any possible
harmful consequence will require analysis.

Summarizing, it is believed that this report provides the
engineer with practical methods for proceeding with the analyses of
mechanically fastened joints. The fastener data necessary for such
analyses are discussed and some typical data are presented.
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SECTION II

MEIHOD 1 - ANALYSIS BY THEORETICAL FORMULAS

II.1 INTRODUCTION

The purpose of this section is to present the development of
_,rmulas that can be used to predict load distributions in various
splice and doubler configurations. The formulas will give approximate
predictions since they are obtained from elementary principles and
simplifying assumptions. However, they are useful for making engineer-
ing estimates for the cases to which they apply. It appears that any
attempt to use other than an elementary approach results in expressions
that are not of a useable form for design purposes. Also, the avail-
able data for the installed fasteners does not warrant such a refine-
ment in analysis at present. (Such is not the case for bonded joints,
however, where some provision in analysis must be made to account for
the tension stresses in the bond at the ends of the joint. This
particular stress is not accounted for by the elementary theory).

Although the numerical methods of Section III are the ones
that will actually be used by the engineer in nearly all practical
cases, it appears to be quite helpful for him to have an understanding
of the elementary theory including its limitations and applicability.
This is presented in Section II.

11.2 ELEMENTARY THEORY

iThe following analysis is based on several specific assump-
,tions. Referring to Figure II.1 wl.ich represents a doubler installation:

K L?

SINGLE LAP TYPE SINGLE SANDWICH TYPE
(a) (b)

Figure I1.1. Types of Doubler installations Analyzed
a. There are only 2 joint configurations to which the

analysis applies

(1) a single lap as in Fig. II.la

S(2) a single sandwich as in Fig. II.ib

(The same would apply to splice c-onfigurations)

b. All stresses are in the elastic range.

• • :'-



c. The axial members, S and D are each of uniform size, no
taper or steps.

d. The axial members are subject only to uniform axial stress
(no bending stresses). Bending effects are discussed in
Section VI *.

e. The fasteners are of a uniform size and are at a uniform
spacing, p.

f. The fasteners have a spring constant in shear, kf, obtain-
from experimental load-deflection data for particular
sheet thickness, ts and tD. These are discussed in Section
VII. These discrete spring constants can be replaced by
an "equivalent bond" having a shearing spring constant per
inch of length given by

hi kA
where p is the fastener spacing.

A sandwich configuration as in Fig. II.lb can then be analyzed
in the same manner as the configuration in Figure II.la by combining the
separate members Dl and D2 into one member D (having their total cross-
sectional area) and using the spring constant, kF, that corresponds to
the actual double lap fastener sheet combination in determining the
value of k for the single bond.

Thus, an arrangement consisting of a base structure, S,
subjected to the applied axial load Q and having (either one or two)
doublers installed, as shown in Fig. II.2a, (and II.lb) can be analyzed
using the equivalent structure shown in Figure II.2b. Due to symmetry
the structure can be further simplified as shown in Figure II.2c.

In Ref. 6 (Bolted Saxdwich Splices) it is shown that the bending has
a negligible effect upon the distribution of fastener loads.

6
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Figure 11.2 Conversion Of Doubler Installation Into Its Equivalent
Structure
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Since an equivalent bond is being used, the results will of course also
apply to members which are actually bonded together.

As the member S stretches under the load Q the
member D will be cau,'' to stretch also, because of the common bond (or
the attachments). A d, P, will thus be developed in the member D,
varying from zero at tlae ends to a maximum at the centerline. At any
station the net load in the base structure will then be Q less the load
inD.

Referring to Figure 11.3, the load in the doubler at any
station, x, can be determined as follows, using the previously listed
assumptions.

SI~ i•. :!il !1! I mIi 1 II11111111 IIIIII II111111111 11 ! 1
Z0 zo

Figure 11.3 One Half Of A Doubler Installation

From the minimal energy principle the variation of the load
P must be such as to result in a minimum of energy being stored in the
structure as a whole. There are, per the assumptions, three sources of
stored energy, V . These consist of axial strain energy in the members
D and S and shear strain energy in the bond, or

In differential form, for an element of length dx,

where

.p ED

S 3As Es
'I2

ill
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Hence,

And,

Referring to the bracketed terms in Eq (1) and (2) as F, Eq.(2) becomes

o FaK xz -- - - (3)
0

It is shown in the literature, Reference (2), that when F is
a function of the variables P and dP/dx , the particular manner in
which P must vary with x in order to minimize the integral as in Eq. (3)
is defined by the equation

•- ..... 7-, zp

Eq. (4) is usually referred to as "Euler's Equation"

Therefore in order to apply Equation (4) to Equation (2),i
the derivatives are first obtained, from Equation (2), as

9 AA



Then, substituting these terms into Equation (4)

/=0

Rearranging terms
•'eR•' -/' /_ .0- •_E•/D = A- s /esI )

or •p --

•a-re A4 =,• (,,%o ld- As Es

The solution of (6) gives the doubler load P as a function of x

=+ c - • +- - - -

The constants C1 and C2 are determined from the end conditions,
which are, for this case,

This rosults in

Hence

Equation (8) thus defines the doubler load at any station x.

The shear flow, q, at any station, x, can then be obtained by
differentiating (8,giving *--------

and in a similar manner the tension on the bond (normal to the applied
load) can be obtained at any station x except the end by differentiating
Equation (9), and multiplying by the di's-nce h, giving *

where h is the distance between the centroid of D and the inner
surface of S as in Figure 11.3.

The actual shear load, Pp, on a fastener at any station x can be ob-
tained as (approximately)

* See Figure 11.5

10



where p = fastener spacing

qx = shear flow from Eq. (9)

For the end fastener, however, the shear flow is usually changing so
rapidly that it is more accurate to use Eq. (8) with x = p to obtain
PFI. That is, PFI = Px=p - Px--O= Px-p

Although Equations(8) and (9) are somewhat lengthy, the de-
signer or analyst using them would only be interested in calculating
the value of P at one station, at x = L/2, and in calculating the value
of the end fastener load. Hence, not a great deal of computational
labor is actually involved. And even this can be shortened by reducing
these particular equations to the approximate expressions

which are sufficiently accurate for practial doubler installations.
The larger the value of the parameter e% , the more accurate are
Equations (11) and (12). Then for the end fastener, 1F

/V

The results for other loadings on a doubler installation are
summarized in Article II.6

11.3 ANALYSIS OF A SPLICE

Proceeding in a similar manner for a single lap splice (or
for a single sandwich splice as mentioned previously) as illustrated in
Figure II.4, the same differential equation, Equation (6), and general
solution, Equation (7), are obtained

"1 > --> -i

Figure II.4 A Splice

and -Al
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where, as before, P is the axial load in member D. In this case, however,
the end conditions are

givingA4

The resulting equations are then

and as discussed for Eq. (10),

These equations are somewhat lengthy, but, as discussed before, the de-
signer would only be interested in obtaining the value of the end fast-
ener load, (at the end of the larger member, S or D, where it is largest).
This can be arranged by letting D be the larger member. Hence, only very
little computational labor is involved. Equations (13)-(15) give the same
results as their counterparts in Reference (1).

The results for other types of splices and splice loadings are
presented in Article 11.6. Although the various equations apply only to a
configuration having uniform members, they can be used in making estimates
for other cases. This is discussed in Article 11.6. The main difficulty
in practice is obtaining the values of k, as discussed in Section V.
Example problems are presented at the end of this section.

ir.4 EXTENDED ELEmENTARY IEoORy

The previous elementary analysis considered only axial strain
energy in the axial members and shear strain energy in the bond. The
resulting static balance for, say, the splice of Figure 11.4 is shown in
Figure 11.5.

12
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(YOw~A Axi)X

Figure 11.5 Static Equilibrium of a Splice

The reactions, w and R, (which must be supplied per the as-
sumptions) obviously will produce normal stresses in the bond which have
been ignored. That is, any tension or compression energy in the bond has
been assumed to be zero (or the bond is assumed infinitely rigid in this
normal direction, as are the members S and D). It is of interest to see
what the effect of including this energy would be on the final equations
for P, q and W. This will also demonstrate how refining the elementary
theory in even a simple manner results in expressions that are too in-
volved for practical useage. Also, the results will apply only to an
actual bonded (glued) Joint rather than to a mechanically fastened one,
as discussed later.

This particular effect can be accounted for by adding a fourth
energy term to those of Equation (1), namely the normal force energy in the
bond (which is, in practice, far greater than that in the normal direc-
tion for the stiffer members, S and D). Considering a
small element dx as shown in Figure 11.6,

w ~~Azis O/-/*Ura/Ais oil S

Figure II.6 Static Force Equilibrium of a Differential Element

13
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For static equilibrium of forces in the normal direction,

jtA -/ -Y

The average normal load, T, in the bond can then be calculated as

where

The tension energy in a differential element is then

__ _-- -- ----------------- (16)

and since

- ~ ----------------------------------------- (17)

where

k' is the spring constant of the bond, in the normal direction;
per inch of length, or

h 'A WxA __•,.__ _ -

where

W = width of the bond

G = shearing modulus of elasticity of bond

-/= Poisson's ration

Adding the term, (17) to those in Equation (i)

14
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Jr/ dz------ ----(1)

+ /_____

dcf Y 2ADED 4-2AsEf +?k R~

and

In this case the bracketed expression, F, is a function of P,
dP/dx and also d//•.Z Hence, the "extended" form of Eulers Equation
must be used. This is (compare to Equation (4))

Pdz O--
The higher order term in (20) is obtained by differentiating F
as indicated.

and then

Then, substituting this into Eq. (20) along with the other terms (as in
Equation (5)),

And, rearranging terms,

or

I, Where

1.5

1*
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Comparing (22) to (6) it is seen that there is now a fourth order term,which considerably complicates the solution, and that the constants are
now affected by the stiffness of the bond in the normal direction. The
solution of (22) is

where 7)+, L

Although general formulas cannot be written as in the previous
(elementary) cases, for any specific problem L', M' and N' and hence D
4Dh are known. Thus, for a specific problem, a solution for P can be

obtained from (23). The expressions for q and w will then also be avail-
able (by successive differentiation of Eq (23)) as

2--- X, -D D "-

Since there are 4 constants, C, 4 boundary conditions are required to

define thea. For the splice these are

0@ X = P=O ; @x=O, q=O

@X = L, P = C ; @x= L, q = 0

or, for a symmetrical configuration

The use of these relationships is illustrated in the following example.

Exarple:

Determine the values of P, q and w for the sandwich type
splice shown in F4,gure II.7a and consider the normal forces in the bond.
The results will also apply to a single lap splice for the assumptions of
Art. 1.1, that bending is prevented.

16
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! • Figure 11.7 Idealization of a Splice Structure for Analysis

The splice of (a) is converted to the equivalent structure of (c) for
analysis. The following values are assumed for the structure:

7.030 s/C
•! Bond is "Redux", having

I ~ hence /•/.87J ,-8/08•&

For these specific values a solution is obtained as follows:
-i 14= .030 + .0053 = .0353" and B = 1/2

Trhen, I,' = 8340, M' =.2595x1, N' = 9.8x106

i,,and Dl = 70.8, D)2 = 70.8, D)3 = 57.7, D)4 = -57.7

These values and the end conditions result in the final equations (for
this particular structure).

V°17•,
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fr7 .?8 × e .-LaOY/ " -.. /•/X61 e - 53xf/Oe 4750

70.8 4- 721 8X, S-. 7
.=. e -e• : e -e&1+ 3,.-00o e

U From these equations values of the shear stress, fs (= q/i"),

and the tension stress ft (= w/l") in the bond are calculated at various
values of x. The ratios fs/Ft and ft/Ft are then computed and plotted
in Figure 11.8. Ft is the tensile stress in the members away from the
joint. The large tension stress in the bond at the ends is of the same
order of magnitude as that predicted for similar .;plices in the "exact"
analysis of Reference (3).

•: The main purpose of this analysis and example is to illu•strate

that even this most simple additional refinement of the elementary theory
results in an analysis effort that is too cumibersome for practical design
purposes. The particular refinement illustrated could apply to a glued
splice but not to a mechanically fastened one. This is because the ,

• fasteners are discrete, they carry bending as well as tension in trans-
! ferring the shear, they may be "pre-loaded", their spring constants
i usually vary with the load level, and these effects are partially included
! in the elementary analysis in using an experimentally obtained spring
! constant, k, for them. Hence~the elementary analysis, later substantiated

by test results, appears to be the only practical one for the case of
mechanically fastened joints.

11.5 AN~ALYSIS OF BON~DED JOINT USING THE "GENERALIZED FORCE MdET3OD"

The previous example was also solved by digital com~puter using the
S~conventional "Generalized Force Method" for obtaining internal loads in a

S~structure (based on the minimum energy principle). That is, the splice
i was analyzed as shown in Figure 11.9, the equivalent structure for analy-

" ~sis being taken as in (b)

: 18
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Figure II.8. Internal Stresses In A Bonded Splice
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Figure 11.9. Idealized Structure For Generalized Force Analysis

TABLE II.1

STIFFENER AE VALUES

AB. D No. At; I AB.
1 525o 8 8900 15 18280
2 5250 9 8900 16 25100
3 5250 10 13470 17 25100
4 5480 11 13470 18 25100
5 5480 12 13470 19 37700
6 5480 13 18280 20 37700
7 89oo 14 18280 j 21 37700

The bond was converted into the shear web and stiffeners
shown by first dividing it into seven parts of increasing length from
the end. Each part was then replaced by three stiffeners (and a web) which
would have the same strain energy due to the Reaction loads as would the
actual bond. These stiffener AE values are shown in Table II.l.

20
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There were, thus, 22 reactions including the web shear at the center-
line of symmetry. The web has a value for tG that provides the same
shear rigidity as does the bond. The results (the stiffener loads and
web shear flows) are shown in Table 11.2.

TABLE 11.2 A

LQADS IN "STIFFENERS" AND SHEAR FLOW IN "WEBS"

STIFF- SHEAR STIFF- I SHEAR
SIER LOCATION LOAD FLOW ENER LOCATION LOAD FLOW

Sx R q, n x R •l qER lbs in b ibs. ibs./in.-

1 .00115 -59.10 1671 12 .04055 11.95 10438
2 .00345 -52.92 3168 13 o4750 30.24 9583

3 .00575 -47.o9 4500 14 .05150 4o.12 8448

4 .o810 -43.29 5724 15 06350 44.96 7177
5 .01500 -37.74 6791 16 mo.07o0 62.23 5417
6 .01290 -30.76 7661 17 -.o&Moo 58.38 3766

.01605 42.42 8861 18 1 .09500 50.10 2349
8 1 .01995 -31.03 9738 19 10875 56.34 757 ¶

9 I .02385 -21.o6 10334 20 .12525 33.03 -179
0 02875 -15.68 10777 21 .1k175,O1079 k1

11 :03kb 0 07 R22 W- nf4/f. ____I
The results are also plotted in Fig.= 8 as the dashed lines. It is
seen that the tension stresses at the end are not as large as the peak
values obtained analytically. The maximum shear stress is also lower,
but the distributions of shear and tension stresses are of similar form.
Possibly using more elements in the computer solution would have given
better agreement in this respect, but this was not investigated further.
The reactions conform to the basic assumptions of restraint against
bending; thus, these analyses would be more representative of a sand-
wich type splice, than for a lap splice, in actual practice.

An extended digital computer analysis of this type might be

useful in analyzing the more complicated splices involving composite
structural materials. Since such materials consist of multi-layers,
any purely analytical effort would become too cumbersome for practical
application and the numerous possible configurations would require too
massive an amount of data for a purely empirical approach. (The simple
elementary theory is inadequate since it does not account for the high
tension stresses at the ends of the layers.)

11.6 SUMMARY OF FORMULAS

This article presents a summary of theoretical formulas for
various doubler and splice structural configurations. These have been
generated as illustrated in Article 11.2 and 11.3 and are subject to the
same assumptions and limitations as discussed earlier in using the
elementary theory. In all cases illustrated the formula for P gives the
load in the upper member, D. The load in S can then be obtained from
statics.

211
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The designer would usually be interested in only 2 results in

using these formulas, namely:

a. The maximum (end) fastener load, which will be that deve-
loped over a distance, p, from the end (x = p) in either
the case of a doubler or splice.•

b. The load developed in the doubler, at the station x: = L/2.

Hence the practical useage of the formulas is not as laborious as their
form would indicate.

The formulas can, of course, also be used to obtain "rough
estimates" of loads and shear flows in non-uniform (i.e., tapered or
stepped) members. This would be done by substituting "average" values
for A, E and k. Such members are much more accurately, analyzed, however,

as discussed in Section III, using the numerical procedure.

Seven cases are presented. For each case the
basic differential equation is shown, for informative purposes only.
The equations numbered 1, 2 and 3 are used for load predictions. If
desired, hyperbolic functions can be used to replace some of the
exponential forms since

and

2cosh~

This might be more convenient in cases e, f, and g and is illustrated
for case g.

* When tD # ts, let x = p be near the end of the thicker member in

the splice. (i.e., let D be the thicker member).

22
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Figure 11.10 Half of a Doubler Installation

- P = where

-NI

1. C,(et +e V .e OR, + N/M cl 1+e f

2. q 41-- C, .(e IN .=.. e

, / - , = j -Nkhr

3. w= hM1I (e-% + e . exM = k(- +

Approximate Equations: 
\E D

N(e-V-Mx)LP-N/

1.' P;.'! (1-e ) At x = L/21 P: N/M
M

2.t q"zN e -V~x Atx=0,q N/

-Vfx3. ' W•; -hNe"-vmx

b.~

b. •. I I ...... . .. ,r T rt'.U-Iay . "r

Figure 1l.1l Half of a Doubler Installation

d2p

QL where

1. P C1 (e-Mx -e"V[x) +-W-x C1 = -N

M3/2(eW%/2 + e" bJL/2)

p = C ~ e ~ e v ~ X ) N aX kqa :

2. q =V'• 1  (eVFTx + e-V'x) + Na
M - AE- where

3. w=hl4c 1 (e - e"M k)+
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Figure 11.12 Half of a Doubler Installation
d2p

2. q = These are obtained by superposition, of the results of

3- separate analyses using cases a and b.

Figure 11.13 A Splice Installation
d2 p = -N

dx where

1. = l - e- m + (1-e ) 1

e NPL e(-+Nax

2. p=Vh-"ll(e + e' + Ne= =k '-

Figure 111 A Spkic I

d2P -NP24



e. 7F: d ~

Figure II.14 A Splice Installation

d2p - MP -Ikx where

dx 1X -ft kC

2 e Na x
N1e "Mx + R-•x Na N ka

3. q M- k(

\ +

-,e - AS E S'• ~~ ~ ~ , (e VRX e,,• 1,,,,•,•,,, ....

j Figure 11.15 A Splice Installation

d2P MP -(N+ x)

dx
2

1. P=)
2. q = These are obtained by superposition of the results of
3. w separate analyses using cases d and e.
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Figure 11.16 A Splice Installation

dp - MP 0

e rM - % Sinh V~x (Where1
1. P eVj = 'n VM M=k(~

2. =/-Q evIX+ e 4v \-M cosh\!Thc

-VR e-VFL SiflhVinh
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EXAMPLE PROBLEM

A doubler installation is shown in Figure 11.17. This is the
same structure as in Figure 111.4 without the slop at the left end
fastener. Determine

a) The shear load developed in the end fasteners

b) The load developed at the center of the doubler and of the
base structures

Fsd hr, variu D4ons. = an/ar

ii Figure 11.17. A Doubler Installation

! This is representative of Case a. The "approximate" equations will be
S~used. The various constants are

k - 800,000 = 421,000 #/In/In

AI 1.9

As = NET EFFECTIVE AREA* = (Width - .8D) ts

= 1.84 - .8 (.375) (.20) = .308 in 2

AD= F1.84- .8(.375) (.20) =,308 in2

N A ? 421,00 (80 377
=42100 +7

)0o 8(29lo6) . 3 08 (2 9x106)I

.0943

'V -T5 = .307

* See Figure V.4
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a) The load at the left end fastener is calculated using
formula 1' of case a as PFI = Pbxp "PDxO =3bx=phence,

That is, since each fastener has been replaced by a bond 1.9" long the
load developed over this length of bond is the fastener load. Due to
symmetry the load on the right end fastener is the same as that on the
left end fastener.

b) The load developed at the center of the doubler, (x = L

is

_ 7 7 37x? 3790#

The load in the base structure is then, from statics,

EXAMPLE PROBLEM

A splice is shown in F-igure 11.18. This is the same splice as
in Figiixe III.4 without the "slop" at the left end fastener. Determine

a) The shear load developed in the end fasteners

b) The load in the center elements of the splice member
(at x= L/2)

_ . . to1, -

S9E'A7A4',4T2 ,/s JrEf•-¢ 2=?• i/A

Y/-m' 4-A

Figure 11.18. A Splice Installation
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This is Case d, and, as in the previous examples,

k = 421,000#/In, As AD = .308 In 2 ,

N = 377, M = .0943, VIM= .307

And, for this case,

e - 1 e -3e

a) the load in the (left) end fastener is determined as that
developed over the end (1.9") segment of the bond, as in
the previous example problem.

l = •• -e /) •'"• •

/8

-- =--//,' (/793 /.73 - 39?8' _I "'..
7 93/A793j

•] = 1___

Since the members D & S have the same values of AE (or since
ts =tD) the right end fastener will feel the same load. If AD ED9-

As Es5 the end fasteners will not feel the same load. The largest load
will be at the end of the stiffer member.

b) The load developed in the center segment of the upper
member (D) is determined from Eq. d.l, for x = L/2 = 9.5",

p =!/8••3,--.30 _ 7ox, S' 377 -- - .30X-5I ")

-eo le * .3,7,,9549"

29
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The load in -,ie center segment of the lower splice member(S)

is then, from statics,

S• ~~~~-'O-P = 6000 - •o Ol

Had the members D and S not had the same value of AE, (or ts 7 tD) the
loads P. and PD would not have been equal at the center segment.

These two examnpies are als3o solved by the numerical method in
Section III, assuming one of the end fasteners to be installed in a

*1 "sloppy" (oversize) hole.

30
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SECTION III

MET11OD 2 - NUMERICAL METHOD FOR HAND ANALYSES

III.1 INTEODUCTION

The previous analytic equations apply only to the particular
case involving uniform members. In general the geometry and the attach-
ments will vary along the length. Hence, the Constants M and N of Eq.
(6) will be functions of x and simple solutions will not be available.
In this case a numerical integration of the differential equation (6),
for each specific problem would be required. This could, of course,
be done and used as a tool (but not for an accurate final load distri-
bution) in an analysis of an actual glued joint. However, in the case
of discrete fasteners it is advantageous to use a different procedure,
which allows for including the effects of fastener-hole clearance
("slop") and plasticity. In addition, it is also more meaningful to
the engineer.

111.2 NUMERICAL ANALYSIS METHOD FOR DOUBLER INSTALLATIONS

A practical engineering method for determining the distribu-
tion of fastener loads in a doubler or splice by hand analysis is often
helpful. Such a procedure is described below, first for the case of a
doubler. It is essentially one of successive trials using the principle
of static equilibrium as the criteria for the correct distribution of
internal loads. Figure III.1 shows a base structure, S, subjected to
the applied loadings QL, QR, and qa, qa being an applied shear flow.
A reinforcing member, or doubler, D, is attached to S by the mechanical
fasteners, F. The "gap" between D and S is exaggerated for purposes of
illustration.

4,A ST? Stei .

T4_ _1L -1- - -4 --w -W

I $

Figure III.1 A Double? Installation
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As the member S stretches under the applied loads, the common

t fasteners will, in turn, tend to stretch the member D. Loads will thus
be generated in the fasteners. Considering only those forces in the
axial direction, the shear loads in the fasteners can be determined as
follows. Letting the end fastener, #1, at the base structure be the
reference point for axial stretching, or displacement, the resulting
relative movement is as shown in Figure 111.2. The dotted lines show the
displaced positions.

An~ AID ~'

| ,

Figure 111.3 shows the applied and the internal loads and also the sign

convention used. That iss, all applied and internal loads are positi-ve
when acting as shown,

D. I VJUL 1 5 INoID

Figure 111.3 Sign Convention for Applied to Apd Loads

As in Figure 111.2 let sd Dn be the total movement of each

facnener at the doublir and iSn' be that at the base structure. Thenpsi

at the doubler,

AD =6- =,6 -S the displacement at the first fastener,01,
wewhich is also the net strain (in shear) for

fastener #19 SF 1, since S1 0.

32
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S+ the total strain, or stretch, in the doubler
element 1.

Then, in general, at any point, n,

The total displacement at any fastener on the base structure, S,
will be the sum of the individual total strains of the elements,
Sn, up to that point, or,

The net strain (in shear) of any fastener will, therefore, be
the difference between the total displacements of its ends, at D
and at S. This is

_,17 77-/'-/

The corresponding fastener load can then be determined from the
relationship

'X n
Swhere kF =spring constant of the fastener-sheet combination, jr

Sdiscussed further in Section V.

Once PF- is known the corresponding loads in the next axial elements
• hand are defined, since as indicated in Figure 111.3.

an d '77

where Ln =length of elements S (or D) with Lo =0 (i.e., for
n =i

33
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The total axial strain in the elements Sn and Dn can then be calculated
as

SDn = PDn/kDn ---------------------------------- (30)

and

(fSn: Psn/ksn (31)

Where kn = the spring constants of the elements Dn and Sn
(i.e., AE/L), as discussed in Section V.

The next fastener load., PFn+ can then be calculated from Equations

(26) and (27) and then all-tiose remaining in a similar successive re-
petitive manner.

An engineering procedure for determining the fastener loads
is therefore as follows:

a. Assume a value for the first fastener load PF1 and using
Eq. (27) calculate the corresponding fastener strain, AF

(This assumption is discussed later)

b, Calculate the strains in the members S1 and D1 from Eq.
(30) and (31).

c. Calculate the strain in the second fastener,4 , using
Eq. (26) and then calculate the fastener load,, PF2 using Eq.
(27).

d. Repeat steps (b) and (c) repetitively until all of the
fastener loads have been determined.

e, Add up all of the fastener loads. If their sum is not
zero (needed for static balance of the doubler, as in
Figure 111.3) the initial guess in step a is in error.
Then assume another value in step a and repeat the proced-
ure. After a few trials the true distribution of fastener
loads can be determined, with sufficient accuracy for
engineering purposes. Plotting the values of each assumed
fastener load versus the corresponding error in static
"balance (i.e., versus the sum of the fastener loads) will
assist in rapidly determining the true initial fastener
load.

If there is present a clearance, or "slop", at any fastener
and hole, the effect can be accounted for by modifying Equation (26).
That is, the fastener will not be strained thro*gh the full relative
movement, /l5,- 4 • since all or part of this will be used in
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"closing up" the clearance. Thus, if the fastener hole clearance is
denoted by Ac , Equation (26) becomes

Zj -AcL------(3)

However, there is a limit here in that AC can, at most, only re-
duceAS&c, to zero, as in the case of a large clearance. That is, it
cannot load up the fastener in the opposite direction.

The procedure can be carried out by hand most easily if a
tabular form is used. Such a tabular form is shown in the following
example.

A first guess for the end fastener load can be made, arbitra-
rily, by first assuming that the doubler will carry a portion of the
applied load in proportion to its stiffness. That is

P(OUBLER (,4, A1

It can then be assumed that the outer 25% of the fasteners will pick up
this load uniformly. Thus, if there are N fasteners (or rows of fasteners)
and Q is the average applied end load, the initial guess for the end
fastener load would be

AD AD E,

where Q ''' and ADED and AsEs are average values.

The analysis is then carried out using the tabular form. (Table III.1).

The second guess is made in such a manner as to reduce the
error (i.e.*, • ) that results from carrying out the procedure
the first time. That is, if X,- > 0 , the second guess would
be a smaller load and if 0 , it would be a larger one.
The second analysis is then carried out, followed by a third analysis,
etc. as necessary.

EXAMPLE PROBLEM:

Determine the internal load distribution in the doubler -
sheet structure shown in Figure III.4
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C,,V \ IS 5. C -F-,a

Z_ 003" slop

at the left
end fastener only s /e 2 -A

VIEW A -A
Figure 111.4. A Doubler Installation

The Fastener Spring constant is given as

The Doubler and Sheet Spring constants are then calculated
(as discussed in Art. V.3) as

X/0'

These values of kF, kD and ks are then listed in Col. 8 , and
(1) respectively of Table III.1. The applied load of L is listed
in Col. @ and 0# is listed in since no intermediate loads exist.

An initial value for the first fastener load would be taken as,('if no
"slop" were present)

but since .003" "slop" is present at this left end fastener this is
arbitrarily guessed to be only half as much, or

P = 80011

Thus 800# is listed in Col. R for n = 1. The first trial Table III.1
is then completed (working backwards" to obtain the value for Col. (v')
for n =l)
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For the correct value o PFI the doubler load at the 1 t fastener (#10)
will be zero, or Co 7l = 0. Since in this trial •7 10 1 = 0l,10 > O>
another trial is necessary assuming a smaller value for Col. C'1

After several trials, including plotting the "erro " (which is the
value in Col. 010) vs. the assumed value, Col. n6)ljthe final loads
are obtained. It is seen that 010 = 6#be 0, sufficiently accurate
for common engineering purposes.

This relatively simple analysis is all that is necessary for
those installations where all internal loads are in the elastic range
(i.e., where no yielding is to be allowed, usually at limit load).

If the slop is "too large" at the lefb end fastener #1, the
load in the fastener must of course be zero. This would be indicated in a
tabular solution j~f assuming Pl = 0 was not "small enough" to obtain a
static balance ((7n=Nt 0). Actually, the smallest value of slop that
causes the first fastener load to be zero can be obtained as follows.
Assume PF??- 0. Then, by "trial and error" tables, find the value of

CI ( that gives a static balance. For this and any larger
value of slop the first fastener load is zero. That is, the first fastener
is "out of action". The true load distribution in the other fasteners
is then obtained by starting with fastener #2 (i.e. ignoring fastener t

#1 since P = 0) and assuming a value for fastener #2. Should #2 have
too much slop also, then PF1 = 0, PF• = 0 and the distribution of loads
must be obtained by "starting" with iastener #3, etc.
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111.3 NUMERICAL METHOD FOR SPICES

In the case of a splice the same general procedure would be
used as can be seen from an inspection of Figure 111.5 compared to Figure
111.2. In this case, however, there is an applied load acting on each
member, S and D. Thus, the criteria for the correct fastener load
distribution will be, from statics,

'E P = Applied Loads on either member.

This can be seen in Figure III.6 which shows the applied and internal
loads for a splice configuration. As discussed in Section II a sandwich
type splice is converted to a single lap arrangement ýor purposes of
analysis.

/ I I ! I /1 I :
SI I l I I•

71w -w ý pizs

Figure 111.5. Displacement of Members Due to Applied Loads

/ 2 3 6- 6 7

Figure III.6. Sign Convention For Applied Loads and Internal loads
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In general the end fastener loads will be largest and those in the middlethe smallest. "The procedure car, be carried ---- *n •=tCLU for Lsds
I oul, -form as di-Is

cussed previously by assuming a value for PF1 , the first fastener load.
A value for the first guess can be taken as,

which is obtained by assuming that 1/2 of the average applied end load
is transferred by the outer 25% of the fasteners at each end. The
following example illustrates the method for the case of a splice.

EXAMPLE PROBLEM.

Determine the internal load distribution in the splice structure
showm in Figure 111.7

.oo a'ZY4 p .4 r &~A

zovv" ",jr,, w IAW.=-.---S

Figure 111.7. A Splice Installation

The fastener spring constants are given as 800,000 #/in. The dcubler
and base structure spring constants are computed as in the previous
example (and have the same values).

These values and the applied load of 8000# are listed in Table 111.2,
as discussed for Table III.1.

An initial guess for the first fastener load, Col. 01 , would be taken
as (if no "slop" were present)

R_ - 29000) e"• N - o -

I But, since .003" slop is present &t this left end fastener this load is
arbitrarily guessed to be only half as much or

P1 800#
The trials are then carried out in Table 111.2 as discufsed for Table IIIl.
However in this care a sqli e, the gearect yalue for Wb) results in the
va 0lue o • 10 eing e4uaR o the appl ea ena ±oaA of ,O0• (instead of
zero, as for the doubler).

In this case, a splice, the "error" would be

Error Col. l)O - 8,000
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This relatively simple analysis is all that is necessary for

those installations where all internal loads are in the elastic range

(i.e., where no yielding is to be alloMed, usually at limit load). The

same note on p. 37 regarding "large slop" at Fastener #i applies here

also.
Some labor-saving "short-cuts" in determining the internal

loads of doubler and splice installations are presented in Appendix I,
Article AI.2.

I11.4 COMPARISON OF DOUBLERS AND SPLICES

It is helpful to keep in mind that there are two basic

differences between doublers and splices

a. They have different purposes

(1) A splice's function is to transfer a given load. It is kept as
as short as possible in accomplishing this.

(2) A doubler's function is to pick up load (and relieve another
member). In order to do this efficiently it must have some
considerable length, although this is kept to a minimum.
Therefore doublers are, by nature, relatively long members
compared to splices.

b. As can be seen om an inspection of the results of Table III.1 and
111.2, Column 6)

(1) The fastener loads in splices can be made to approach a somewhat
uniform distribution efficiently since they are all acting in
one direction (unless unusual intermediate applied loads are
present)

(2) In a doubler, however, the fastener loads form two groups acting
in opposite directions to load and unload the doubler. Thus,
the fastener loads will be larger at the ends and vanish at the
center where the relative displacement between members D and S
is zero. They will not, efficiently, approach uniformity as in
the case of the splice.

These facts are illustrated in Figure 111.8

'!I
S.1
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DOUBLER SPLICEJ Q

LOAD IN 4EMBER D LOAD IN MI_,ER D

be

FASTENER LOADS FASTENER LOADS

Figure 111.8. Comparison of Internal Loads in Typical Doublers Md. Splices

111.5 GROUPING STRUCTURAL ELEMENTS

When there is more than one fastener in a row (normal to the
loading, or to the axial direction) the spring constants oZ the indivi-
dual fasteners in the row can be simply added together r•.d considered
as one fastener. The spring constants of the axial members are calcu-
lated in terms of their "adjusted" net average cross-sectional area, and
the effect of more than one fastener is considered, as illustrated in
Section V, Figure V.4. This substitution is illustrated in Figure 111.9.

Frequently, however, in the case of doubler installations
there are too many rows of fasteners for a hand saalysis to include all
of them, and it is necessary to group, or "lump", two or more rows to-
gether as one row, or one fastener actually. Since the end fasteners
are the most highly loaded it is best to do the least grouping at the
ends and the most at the middle. Figure 111.9 illustrates how this is

carried out.
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5 0 c oo o 00 00 0 o0 00 0 0 0 0 00 ýO0
"'- ,0 0 0 0 0 0 0 0 0 0000

Actual Doubler
(a)

1 122 23 33-44 44 4 4 4h4433 32 22 22 11 1 11

IAV0. 0,C- ISTJ-r~ /rE,

00000OOQQOQOQ 000OOoOO00 0?

Coiver3ion Of Rows To Single Equivalent Fasteners
(b)'

1 12 4 6 11 16 15 6 4 4 3 2 1 1,

, •ooo o0 0 0)oo oo ;

Grouping Of Fasteners
For Anamlsia Purposes

(c)

Figure 111.9 Grouping Of Fasteners To Facilitate Analysis
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2I.
As seen, the doubler having 30 rows of fasteners (a total of 77 fasteners)
would be first considered, for analysis purposes, as having 30 "equiva-
lent" fasteners as in (b), Then, since these are too many for P. hand
analysis, they would be "lumped" into say, 15 groups, that is into 15
equivalent fasteners for a hand analysis. In either case, (b5 or (c) the
equivalent fastener has a value of kF obtained as the sum of the individ-
ual values of kp which it replaces ( =ZkFn). It can be seen that the
largest grouping in (c) is done in the middle portion, where the fasteners
are strained the least. The location of each group (or equivalent
fastener) in (c) is the "centroid" of the fasteners in the group, based
on their spring constants. The spring constants of the axial members,
D and S, are obtained from (c) but include the effect of the fastener

holes as they actually exist, in (a). The equivalent structure in (c) is
then analyzed using the method as discussed.

Once the fastener group loads are determined they can be dis-
tributed to the individual fasteners making up the group on the basis
of fastener spring constants, since fasteners having different values of
kF are Banetimes grouped together. That is,

JkFn~
PFn PGroup (in

This method of grouping can also be used sbould theri be too

many rows for the computer routine to hendle, as discussed in Section IV.

111.6 FASTENER LOADS IN ME PLASTIC RANGE

In the previous discussions and examples it has been assumed
that the fastener spring constants, kF, are known as supplied data. Now-
ever, as discussed in Section V and illustrated in Figure V.2, these
values may not be constant. Therefore, if the applied loads are large
enough, a procedure is necessary that accounts for the reduction in kF,
at each affected fastener in the "plastic" range. (A review of Section
V is helpful at this stage).

This can be done by using the previous tabular method ofanalysis but carrying out separate analyses for successive increments of

the applied load until their total equals the applied load. That is, the
method of superposition is used. During each increment of applied load
the values of kF will be assumed to be constant, but they ray change for
successive increments. The procedure is as follows:

a. The maximum load to which any fastener is allowed to be
subjected must be determined. This value will be estab-
lished by either a fatigue or yielding requirement, or
else as the ultimate load for the fastener sheet combin-
ation. (This is discussed further in Section VIII).

b. The loasddeflection curve (for each type of fastener) is
divided into several straight line portions that
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approximate it as shown in Figure III.10. Although not
necessary, it may be convenient to use equal increments
on the P scale, as shown, for all but the first increment.

,,+ p ... ...........- - - - - - - -

.Q-yP--- ALLOWABLE
FASTENER LOAD JP

ACTUAL CURVE

p --- APPROXIMATING
8 a CURVE

0 0
qe

I i
a I

LoI• Join Deflection -- ' Inches

Figure 111.10 Division Of A Fastener-Sheet Isad-Deflection Curve
Into Linear Increments

Six increments are shown in Figure III.10 since this
number is used in the computer routine. (A lesser number
of increments, only 2, are used for hand anelyses as
illustrated in the following example problem). The incre-
ments are chosen as follows. The first increment, from 0
to PA, includes the linear portion. The difference in load
between PAand the maximum value to be allowed, PG, is di-
vided into 5 equal load increments and the corresponding
deflections, 6 n~are determined. Then the value of kyFi or each linear portion is calculated as

-FAB,C -- = C )A, B, C---

4~6 I- .- --- - - --- ~ +



c. Assuming all fastener spring constants to have their
initial (elastic) values, kFA, the loads in the fasteners
for the full applied load, QLare determined by the con-
ventional tabular analysis.

d. The largest resulting load, Pp , at each di.,ferent type

of fastener-sheet combination examined in light of its
load deflection curve (Figure III.10). If ony of the fast-
eners are loaded above their PA values, all of the results
in c. above, including the value Q,are reduced by the fra-
ction, PA/PFnI PA/PFn- is the smallest fraction obtain-

able from the results. +he first applied load increment,
A Q1, is then calculated as

[PA

e. Steps c and d are repeated for an applied load of QL-
4 QI and a new set of loads,, PFn2, is obtained; buz this

time k is used for all fasteners except that one in d
above tiat has reached its limit of PA. For this fastenerkFB is used in the analyses. The sum of the loads at each

fastener is then computed. Examining the results as before,
another fraction, PA - PFn , is obtained. However, it

P'n2 i
is possible that the same fastener may again reach a new
limit, PB, and that the fraction PB - PFn here may be

the smallest. The corresponding loading increment is
calculated as

•Q2 , • ~PFn2 lPI

Or as LQ2 ( q l ( -- (B "Fll

Pp12 /
f. Steps c and d are repeated again, repetitively, until after

m sets of calculations the sum of the increments of AQm,
or A Q, is equal to the applied load, QL. The fast-
ener load distribution will be the sums of those obtained
in each increment, that is, those obtained in each analysis
after ratioing down the results. The same applies to the
axial loads in the members D and S.
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g. If any fastener xeaches its maximum allowable load before
•ZQ,, = QL then ZAQm is the max. load the structure
can take. Summarizing, for any analysis increment, m,
the following steps will be used.

(1) Calculate Q.M= Qj, -2AQm , and if an applieý shear
flow, qa, is present

qm=qax QQm

(2) Calculate the internal load distribution by a con-
ventional tabular analysis, for the applied loads
Qm and qm (if present).

(3) Determine the smallest ratio
M"-/

where N refers to the selected % values as in Figure
111.10. If all value3 of rnm awe greater than 1.0,
then rnm = 1.0 is ured.

(4) Calculate the increment of applied load for this
analysis, m, as

lQM-= QM x rn
and

A•- = qmx rn.

(5) Calculate the increments of fastener loads for this
analysis, m, as (for each fastener)-

A_"1 = PFn, Xr

(6) Calculate the increments of load in the members D
and S as

AuSnm - PS x rnm

A 'nm = Pn. xrn

Steps •I)through(6)can then be repeated in the next
analysis, m + 1, etc, until AQm QS% I

14
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The analysis can be carried out most ea;..y b,- v.w c,, t. abular
form for the calculations. Th,: details of this are 'I .-" ed in "he
following example problem.

For cases where slop is present an addstional vfinement is
necessary as discussed at the end of this article.

EXAMPLE PROBLEM

A doubler is attached to a base structure as shown in Figure
III.11a. The fastener load-deflection curve is shown in Figure III.11b.
Determine by hand analysis:

a. the internal load distribation corresponding to the
applied load of 44,80r

b. the maximum value the applied load could have if the
allowable fastener load is 645[VL, as shown in Figure
III.11b*, and the corresponding internal loads.

I • 5"

.__ .. , 00 1N (7

0

0

Local Joint Deflection"'Tnches
(b)

Figure 111.11 A Doubler Installation

49



a. The analysis is carried out in Table 111.3 as follows:

(1) The actual load-deflection curve of Figure III.11b is
replaced by one consisting of 2 straight lines, as
shown by the dashed lines. This has been done in
such a manner as to obtain approximately the same area
under each curve. The maximum(allowable) value of
PF is 6450#4 as arbitrarily specified above. Xience,
it is seen that for all fasteners PA = 4, 9 0CxY and
PB = 6,456/'. The two resulting spring constants
for the fasteners are found to be (the "slopes")

kFA = 256,000 I/in and kFB = I03,300#/in

(2) A conventional tabular hand analysis is then carried
out to determine the internal load distribution in
the structure for the applied load of 44,800# and
for kl---kk5 = 256,000 #/iný This is referred to
as the "fikst unit solution" and the results are
entered in Col ". Only the doubler and base
structure internal loads in the center elements,
PD5 and PS5 are shown, to save space.

(3) The limiting load levels for the fasteners for this
first analysis are 3hown in Col. D as 4900# (which
is PA). The limiting value of QL is the applied
value of 44,800#.

(4) The possible limiting ratios are calculated in
Col. S .

(5) The smallest value in Col. @) (rl = .6)!6) is then
applied to the internal loads of Col. © to obtain
the actual loeds making up the first so-called "in-
crement" of loading. This increment is based upon
k, --- = 256 ,000//In. The results are listed in
Col.. . Col. (& Is the sum of all previous
increments. which is identical to the first increment
of Col. @" . This brings the first fastener up to
its max. value of load, PFI = 4900, that is consis-
tent with kFl = 2,6,000#/in. This is seen to
correspond to an applied load increment of 28,900#.

(6) A second conventional tabular hand analysis is then
made -for the remaining applied load of 44,800 -
28.9'0 = 15.,900# and for kp, = 103,300 and kF ---
kFp.. 256,0600/in. This is called the "second unit
soiution" and the results are entered in Col. ®.
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I
(7) The remaining columns are then co:pleted in a

similar manner to tht for Col. 2 - Col. 0 .
It is seen in Col. 14 that the limiting ratios
for the fasteners are all greater than 1.0
Hence, the value r 0 is used and Col. 5
is identical to Col. 12 The fina loads e
then those obtained in-1col, i since Col. ix
shows Qx to be zero.

Although this analysis happened to be completed in only
three increments, other configurations might require more. Such could
have happened in this case if the fasteners were more closely spaced or
if the fasteners were less stiff initially than shown.

b. The maximum "allowable" applied load, qL' and the corres-
pading Aternal loads can be calculated by revising Col.
U - U18 as shown in Table 111.4.

(1) Since the load qLis to be determined no limiting ratio
is specified for it in Col. 1 .

(2) T smallest of the remaining limiting ratios in Co]..
(&, or 2.25, is then applied to th valaes of Cpl.
-IT2 to 9btaiii the values of Col. 6,) . Col.

th gives the allowable applied leoi QL (-46,140#)
and the corresponding internal loads. It is seen that,
in this cabe, it is the end fastener that reaches its
allowable load of 6450# first and limits the load
carrying ability of the structure.

52
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TABLE 111.4

DETERBMNTION 0 THE ALLOWABLE APPLIED LOAD FO THE STRUCTURE

0 G THIRD LIMITG POSSIBLE THIRD SUM OF
LodUNIT LOAD LIMTING LOADING, LOADING

I ~SOLUTION LEES RTOINCR'M' INCR'MT

Same Q,'Q(®-Q

I Table 111.3 103,O00 Fig.
k3j --- kS= III.llb

_ _ _ 256,oooI Q
ANALYSIS

T 1070 I -- 2,41o _6,__4o_

107 j6,45o 2:25 2240 6.,450
Pp2  Same 70 6,450 22.1 158 5,058
1F3 As 101 4,900 20.4 227 3,067
P 4  Table 111.3 52 4,900 65.9 117 1,587PF4 16 4,900 278.0 36 490
PD5 346 -- 778 16,652

S724 A "" 1631 29,487

The problem of Table I11.4 was repeated (by ccaputer) using a
fastener load-deflection curve consisting of 6 straight lines. The re-
sults are cmpared with the previous ones in Table 111.5. It is seen that,
in this particular case, the difference in results is negligible from an
engineering standpoint. This is believed to be true in general for
fasteners having a significant initially linear portion on the load-de-
flection curve.
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TABLE 111.5

A ~COMPARISONI OF R~ESULTS FROM HAND AND COIPUTER ANALYSES

RESULTS USING 2 RESULTS USING 6
LOAD STRAIGHT LINE STRAIGHT LINE

CURVE (TABLE III.4) CURVE (BY COMPUTER)

QL 6,14o 45,986

Pr1 6,450 6,450

PF2  5,058 4,949

PF3  3,067 3,080

P4 1,587 1,593

490 492

S16,652 
16,564

P55  29,488 29,422

Although not illustrated, the same general procedure can be
used for the cse of a splice having fastener loads in the plastic range.
That is, the same steps as outlined for the doubler would be taken. The
only difference would be that the unit solutions of Table 111.3 would be
made for a splice.

This article has considered only the case of the fasteners
"going plastic". Although less likely, the doubler or the base structure
elements might also be loaded into the plastic range. In such cases the
same general procedure would apply, but the stress-strain curve of the
sheet material would be used (similar to the fastener load-deflection curve)
and "replaced" by straight line segments. That is, the tangent modulus,
Et, would be used to calculate kn or ks in the non-linear portion. Any
stuch douldror base structure kelornts would, for example, be included
iCol. • of Table 111.3 and they, also, would have values for Col.

and all subsequent columns, Just as did the fasteneqrs in the
exaple -llust.rated.

The method of this article has not included provision for slop.
if slop is present a slight additional refinemeat must be made. This is
discussed and illustrated in Appendix I, Article AI.3.

111.7 SUCCESSIVE LOADINGS IN THE PLASTIC RANGE

When the applied loading results in any fastener(s) being
loaded in the plastic range, permanent set will occur. Therefore, when
the applied load is removed there will remain some distribution of
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internal, or residual, loads in the structure. That is, the structure
will be "pre-loaded". Any successive applied load will start from this
basis. Thus, it may be necessary to be able to predict these residual
loads in order to obtain the true internal load distributions corres-
ponding to subsequent applied loads. This might be necessary in a
fatigue life evaluation, particularly. A method of accomplishing this
follows. *

Assuming that a doubler installation has been loaded so that one
or more fasteners is in the plastic range, when the applied load is re-
moved theae fasteners will unload at an essentially constant rate
(lbs/in). This rate will be very nearly the same as the slope of the
initial linear portion of the load-deflection curve, as evident from
experiments. This is illustrated in Figure 111.12 and is analagous to
what occurs when any ductile material is loaded beyond the proportional
limit. (Actually the line '3-6 or C4 2 is a hysteresis "loop" and B-61
and C-62 have a significantly steeper slope than does OA. But this is
ignored in the suggested analysis and is discussed in Sections V and VII)

S... ~...........eZ

0

Figure 111.12 Loading and Unloading in the Plastic Range

That is, if a fastener were initially loaded beyond the elastic (linear)
range, PA, to say, PB, it would return to a residual strain, 61, when
unloaded. Then if loaded again to a higher ldad level, PC, it would,
essentially, follow the line CI-B-C and upon being unloaded it would fol.
low the line C-. 62 to a permanent set of 62when P =0 . The lines
[I-B and C2-C are essentially parallel to the initial linear portion,

O-A. The main point is that in unloading the fastener load decreases at a
rate (lbs per inch of deflection) that corresponds, essentially, to the
initial (elastic) slope of its load-deflection curve and foflc7Ms this
slope in loading up again.

* As discussed in Sections V and VII some permanent set will always
occur, even at low load levels in the so-called elastic rang, due to
the "seating" of the fastener in the holes.
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The residual internal loads can therefore be calculated by

a superposition precedure as follows:

a. Calculate the set of internal loads, using the specified
applied load but assiming that the spring constants,
kFn, for all fasteners are the initial (elastic) values.

b. Subtract these values from those obtained in the plastic
analysis (as in Article 111.6). The resulting values are
the residual loads in all members.

Table 111.6 illustrates the determination of the residual loads
for the doubler of Art. 1II.6, Figure 11I.11 loaded into the plastic
range.

TABLE -11.6

DETERMINATION OF RESIDUAL LOADS

-Q -G... ) I .
RESULTS OF THE ELASTIC ANALYSIS FOR RESIDUAL

PLASTIC ANALYSIS QL - 44 800 LOADS
LOAD . .. - -_. in

TABU, i1.3, COL. TABLE 111.3, COL.® 2 - G
QL 44,8oo 44,800 j o

PF1 6,317 7,592 j -1,275
PF2 4,970 4,568 402
Pm3  2,941 2,649 292
PF4 ,522 1,371 151

PF 470 423 47
PD5 16,220 16,603 -383
PS5 28,580 28,197 383

Then for any subsequent applied loading that does not exceed
the original applied load the internal loads are obtained by

a. Calculating the load distribution assuming that the spring
constants for all fasteners are the initial (elastic) values.

b. Adding the residual loads to the values obtained above, to
obtain the true internal load distribution.

If a subsequent applied load is greater than all previous ones,
then a "new" plastic analysis is simply carried out as discussed in
Article III.6. The residual loads due to this will then be the basis
for all lesser subsequent applied loads.
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Table 111.7 illu rates the determination of the true internal
load distribution for suboquent loadings. The case illustrated is for
an applied load, QL = 22,400 #, a previous load having been the 44,800 1#
value in Table i1I.6. /

TABLE 111.7

DETERMINATION OF SUCCESSIVE LOADS IN THE PLASTIC RANGE

I ELASTIC ANALYSIS FOR RESIDUAL TRUE INTERNAL

QL =22,400 # LOADS LOADEDSRBTO
L.OAD kl---k5= 256,OOO #/IND T

2 oo x COL. ), TABLE III.31TABLE 111.6, COL. ® 02 + 0

I-

S22,40 0 : 22,400
PF1 3,796 -1,275 2,521
PF2 2,284 402 2,686
PF3 1,324 292 1,616
PF4 685 151 836
PF5 211 47 258
?D5 8,302 -383 7,919
PS 5  14,099 383 14,482

-S I

Additional subsequent applied loads up through 44,,8o0#, would be dealt
with similarly.

The above illustration was for a doubler configuration. The
same procedure would be used for a splice, however.

The method of this article has not included provisions for
including slop. If slop is present a slight additional refinement must V
be made. This is discussed and illustrated in Appendix I, Article AI.3.

111.8 MLTME DWEER AND SPL1BCE

As specified earlier, the specific methods of this report
apply only to doublers or splices consisting of a single lap or atom
single sandwich configuration. Occasionally, however, the situation may I

arise where there are several axial members. This would represent a case
of multiple or "stacked" members as illustrated in Figure 111.13.
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Multiple Doubler Installation
(a)

I I -1--------7- I

Equivalent Structure
(b)

FFF[[ I10 I I & 4,. ee TT 1

t ~ ~(c) •-'

rT--T1,,F1 I1 I I F I I I •,
"'Applied Loads Are The Fastener
Loads As Obtained From The
Tabular Analysis of (c)

(d)

Figure 111.13 A Multiple Doubler Installation
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The actual structure is shown in (a) and the equivalent structure for
purposes of analysis in (b). The distribution of fastener loads and the
loads in the members could be a3etermined most directly in such a case
by using the analog method discussed in Section 5.0. If this is not
available an approximate fastener load distribution can be obtained by
successive trials vsing the basic method of this report as follows:

a. Combine the stacked doublers D1 and D2 into one member, D,
(by adding the k values) as in Figure III.13c. This assumes
the fasteners between them to be rigid.

b. Determine the corresponding ftstener loads between this
assumed member, D,, and the base structure, S, in the
conventional tabular mmnner. Note the strains, Col.
of the table.

c. Then consider only the two doublers, as they actually exist,
to be a structure subjected to the loads of (b) above,
iopplied to the member DL, as in Figure III.13d.

d. D'Vtermine the internal loads for this configuration and
lcading and also note the strains in the member Dl Col.
1 of the table. Miember D, is the "base structure" in

th1• analysis,

e. C?-culate an effective kD value for the coabined merkbers
DI1 and D2 using the member strains fron (b) and (d) &bove
is follows:

For any segment the effective kD of the combined
members is taken as

NO eff. = (k)assumede (

f. Repeat steps (b) through (e) using (')e., from step
(e) above in step (b). Then repeat agaififf necessary until
the strains obtained in (d) are sufficiently identical to
those in (b), that is, until at each element, MA and Dln

SDn &-

It can be seen that this involves considerably more effort than for a
single doubler, particularly where hand analysis is used. A rougher
estimate can, of course, be obtained simply by carrying out steps (a)
and (b) only one time. This assumes the doublers to be one integral
member ard therefore results in the fastener loads and the doubler load
being larg~er than they actually are.
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Only the case of one "extra" doubler has been illustrated. The
same approach coule -e used if more than one were present. However, the
labor would increase significantly since the steps outlined would have
to be made for each "pair" of doublers, successively, and more than two
sets of fastener loads would have to be sufficiently identical in the
successive analyses.

EXAMPLE PROBLEM.

Determine the internal loads in the structure shown in Figure
III.14mawhere 2 doublers (a "stacked" arrangement) are attached to a
base structure.

Figure III.14a. A Multiple Doubler Installation

The spring constants of the parts are

(a) kFn = .47 x 106 for all fasteners, and

(b) kSn = 2.47 x 106, kD n = 2.47 x 1O6, kD2n i.23 x 106

Proceeding according to the previously outlined steps:

a. The two doublers, D1 and D2 , are considered to be one integral
member, D, as in Figure III.13c, having

Dln + kD2n

b. A tabular analysis is then made (as in Article 111.2) to deter-
mine the internal loads in this structure, D and S, and also the
strains in the member D. The results of this analys-i are
shown in Table 111.8 including the resulting strains in member D.
Since'the structure is symmetrical only half of it is presented.
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TABLE 111. 8

RESULTS OF STEPS a AND b, FIRST TRIAL

ELEM. I F AD kD 9D~
- 1S(RESULTS OBTIE FROoM A TABL s=AI TO IT-.1)

1 7816 7816 2.47_x10 ;.00317!

2 47oo 12516 3.70 x b6 P.00338 1

3 2590 15106 J' •-
4 1290 16396 .0j(:0443

1 5 -399 a6795 21p0'1 54f

c. The two doublers and their attachments are then Gonsidered
to be a structure subjected to the set of applied loads,
RPF, as shown in Figure III.14b.

-'T 7 -- T
7 5 4 399 J?? /77, 4Rf VW 0

Figure III.14b Loading Applied to the Multiple Doublers

d. An analysis of this &ructure ant loacing (as in Article
111.2) gives the results shown b-lIr. inalu'li: the strains
in the ember DI. Note that only elemnts 2 through 9,
common to DI and D2, are involved in this AWyalsis. as
indicated in Table III.9.
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TABLE 111.9

RESULTS OF STEPS C AND d, FIRST TRIAL

ELEM. Pjn PD1  J D1 I&D1
(RESTULTS OBTAINED FROM A TABLE SIMILAR TO III.1)

--'7 10 106
7816 2.47x 1.00317

2 :2409 10107 W"24 9 _ ____________"____

3 i 141o 1287 ".oo461

4 719 u858 " f.oo4o8

5 198 12059 .00488

Note that the values ýZan differ considerably from 9i n

(previous).

e. An effective kD is then calculated for each of the com-
bined doubler elements as

•Dn
kDeff'n = XSDlD

where kjn is the value in the previous step a. This is
sham in Table III.10.

TABLE 11.10

RESULTS OF STEP e. FIRST TRIAL

ELEM. kD I D SDj kDe___ _ x SD

1 2.47 x 106 .00317 .00317 2.47

2 3.70 x 106 .00338 .00409 3.o6

3 ,o0408 .00461 3.28

4 00443 .oo4o 3.41
5 , oo454 .oo488 3.44
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steps (b) throu~gh (e) are then repeated. using the values
of kDeff. in step (b). The results are smmarized below.

TABLE 111.11

RESULTS OF STEPS b THROUGH d, SECOND TRIAL

STEP b RESULTS STEP c & d RESULTS

ELEM. PD .Def 3C 106 P-J kDj 0 T

1 7634 7634 2.47 .00309 -- 7634 2.47 .00309

2 4450 12084 3M06 .00395 2330 9754 " .00395

3 2510 14594 3.28 .oo445 1364 10900 " .00442

14 1292 15886 3.41. .00466 695 11497 " .0o466

51 41816304 3.44 1.00474 1L83 11732 "A.0475

Since the strains Sýý and DIj are essentially identical, it is not
necessary to carry ou step e Rnd repeat steps b - d again.

The final loads (from steps b - d above) are theit as shown in FigireIII.14c.

-- --- - v Ab

Figure IIl.14c. Fastener Loads in a Multiple Doubler Installation

Although this analysis was accomplished in only two sets of
1, steps, others might require more than two. A computer program is also

presented for this procedure in Section IV and checks the above results
quite closely. This routine is, however, limited to only one extra
doubler (and does not account for slop or plasticity).
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III.9 ANALYSIS FOR THE CASE OF A WIDE BASE STRUCTURE

The previous method of analysis requires ouly a single defini-
tion of AsEs for each element of the base structure (and of ADED
the doubler elements). Frcm these the spring constants. ksare calculated,
and used to compute the strain in the members. However, as seen in
Equations (31) and (29), it is assumed that only one value of ks(at each
element) applies to all loads acting on the element being considered,
as accumulated in Equation (29). This would actually be the case only
for relatively narrow base structures (or doublers) having a width of,
say, up to 10 times the fastener diameter. When the member is "wide"
the fastener loads are not "immediately" effective over the entire
cross-section. That is, each fastener load "diffuses" into the base
structure (lengthwise) in a manner similar to that considered in eval-
uating "shear-lag" effects. Therefore, at any element of the base struc-
tures, the effective width (and area) is, generally, a different value for
each of the fastener loads being accumulated at it in Equation (29).
Hence, Equation (31) would be more accurately written as

n a
8S =AsQL .' aLn-1l+ Ln _ Pn ... (3a

, L /n AsEs n (A•sE's n

It is probably sufficiently accurate to deal with the values
(AEs)f in the first 2 terms as discussed in Section V. * But the
value Bf As Es in the last term Is more accurately evaluated by consider-

ing the diffusion mentioned above. This is illustrated in Figure 111.15.

\ C&,r -OAPLA1dr
(4iso A 4/,-

• T I I I • .'O/ON/N'

W 5 1 O V -1 144

Figure III.15 Doubler Instolled on a Wide Base Structure

* There is also a diffusion of any intermediate loads (qaL% into the
base structure. However, this effect is not as severe and such loads
are not generally present, so the suggested analysis is not further
complicated by including it.
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Thq diffusion lines assumed for each of the fastener loads are
shown (a 45 slope is arbitrarily used). A "cut-off" line eminating
from the last fastener (#8) is shown. This is simply a "reversed" diffu-
sion line at the last fastener. The effective width of the base struc-
ture at any element (center) for any fastener load(the last term in
Equation 31a) will then be the smallest of the widths between

a. the diffusion lines, or

b. the actual edges of the base structure, or

c. the cut-off lines

Therefore, for each base structure segment there will be a specific
width for each fastener load to the left of it. A proper definition
of the diffusion lines must be determined experimentall.

The result of this additional refinement (i.e., the various
effective widths as defined by the diffusion lines) is to predict smaller
fastener loads (and a smaller doubler load ) than would otherwise be
predicted. However, it does involve considerable additional covputation
effort, there being essentially 2 extra columns in the table of calcu-
lations for each fastener. The following example illustrates the details
of the analysis and shows how the basic table of calculations is revised
to account for the diffusion effect.

In general it should not be necessary to account for this dif-
fusion effect in the doubler, only in the base structure. This is
because the form of the doubler is (efficiently) such as to allow the
fastener load to be, essentially, constant over the cross-section. That
-rI, as the doubler widens more fasteners will usually be added, and, more
iaportantly, where the fastener loads are large (at the ends) the doubler
is, by nature, narrow rather than wide like the base structure. Similarly,
in splices it should not usually be necessary to consider the diffusion
effect because of the natural (narrow) form of the members. More specific
suggestions for establishing the diffusion lines in practical problems are
presented in Appendix I.
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ELAMPLE:

A doubler is installed on a wide base structure as shown in
Figure Ina.16.

-nr 01V /IV

(•io1 • '.r ./5O N Cur- M?/V

Figure iII.16 A Doubler Installed on a Wide Base Structure

The following properties and load are assumed for the example:
ADED 6 AsEs 6

kf alOO,OD#/in., kD = =l xlO6, kS - L 4 xlo

66l10, AE= 4 x IO6 ,Q 40,00

For the diffusion lines as assumed in Figure III.165,the effective AE/L
of any base structure segment , for each fastener load, nf, to its left
is shown in Table 111.12. These are obtained as previously discussed.
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TABLE 111.12

BASE STRUCTURE (ff FOR FASTENER LOADS IMPOSED

EFF. L -FOR FASTENER LOADS Ppn
ELEM. L

PF2 _____ P 4

1 500,000 --. .

2 1,500,000 500,000 --

3 1,500,000 1,500,000 500,000 ---

4 500o,0001_ 500,000 500,000 500,000

The analysis is caxried out in Table 111.13. This table is similar to
the coentional one (Table III.1) through Col. y2) . Beginning withCol. 0 2 however., additional columns are provided to define thespring constants (AE/L) for the effective widths of the base structure

as defined by the diffusion lines. There is a column for each fastener
(except the last), Col.1 through 8 . Then an additional set of
columns, throh (2F, is prie for the values of strain, P/k.
These stra ns are .ummed up in Col. subtracted frn the strain

(Q/kso ) in Col. ý2-4 to give the net -train in the base structure at
the fastener. The aifference in strain between the doubler and the basestructure at each fastener is computed in Col,

The fastener loads are shown in Col. 6 . The final loads
should in this example (from symmetry) be symmetrical about the center
fastener, #3, and the center fastener load should be zero. This is not
quite the case, but is probably due to the assumptions made in accounting
for the diffusion effect. However, the method is believed to be suitable
for common engineering purposes and is moe accurate than ignoring the
effects of diffusion altogether. The results obtai ed when the diffusion
effect is ignored are shown in Table 111.14, Col. (6) . It is seen that
considerably larger fastener loads are predicted in able I1.14.

Some suggested practices for practical design purposes are
presented in Appendix I, Articles AI.6 and AI.7. These are based upon
the results of the test program and related calculations for doublers
on wide base structures.
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SECTION IV

C OMPUTIER ROUTINES

IV.I INTRODUCTION

Because of time and/or the complexity of the doubler or splice
a hand analysis may not be feasible. A routine for determining the internal
load distribution by computer is then desirable or necessary. One such

routine, using a digital computer is presented and discussed in Article
IV.2. Another method, using an analog ccmputer is discussed in Article
IV.3. Other digital computer routines including one designed for splioes
with multiple members ("stacked" splices) are mentioned in Art. IV.A. All
are based upon what is referred to as the elementary theory in this re-
port.

IV.2 GENERAL ROUTINES FOR ANALYSIS BY DIGITAL COMPUTER

Routines have been established for accomplishing the analyses by
digital computer. The routines essentially perform the same operations
as shown in Table II.1 and 111.2 and their accoqanyiig discussions in
Section III. In addition, the routines have been extended to include the
effects of ftstener (Joint) plasticity and to present the residual loads
existing after an excursion into the plastic range of the fastener load-
deflection curves. The weight of the doubler is also computed. This
weight does not allow for the holes or for the weight of the attachments
themselves.

The basic input data is the same as for the hund analysis method.
However, the cnputer calculates the spring constants of the axial members,
requiring an input only of the width and thickneEs of the members and the
fastener hole diameters. Also, it is not necessary to make the initial
"guess" for the end fastener load since this (and subsequent guesses) is

made by the computer.

The program for the doubler analyses is presented in Figure IV.L.
The computer programs for a splice, for stacked doublers, and for stacked
splices along with the data and output are presented in Appendix III. The
splice program is almost identical to that for the doubler. The stacked
doubler and splice programs are for elastic problems without slop. The
other programs include provisions for both ".flop" and fastener loads in
the plastic range.

The first 34 program lines are format, dimension, integer or
double precision statements. Statement 35 reads the number of problems
to be worked during the run. Statement 1 . reads the problem configuration
number and case number. Statement 44 reads if residual loads are desired.
A positive number if residual loads are required and zero if not. State-
ment 45 reads the modulus of elasticity for the base structure and doubler.
Statement 46 reads the rows of fasteners in the problem and 47 reads the
doubler density.
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Statements 48 - 56 are data write statements. Statement 63
reads the average length, width, and thickness of the doubler in front of
the first fastener for weight calculations. Statement 64 reads the data
for each station and statements 66 - 67 writes the data out. Statements
70 - 71 calculated the base structure and doubler spring constants for
each fastener station. Statements 76 - 78 calculates the doubler weight.

Statement 79 reads the axial load on the base structure. State-
ments 92 - 97 reads and writes the fautener spring constants and "cait-off"
and allowable load data for the specific spring constants. Statements
110 -152 change the fastener spring constant if the "cut-off" or alloa,%ble
load for the specific spring constant used is exceeded. A fastener load-
deflection curve is illustrated by Figure IV.2 which explains the fastener
cut-off and allowable loads. The mu.ltiple slopes of the load-deflection
curve allow an accurate fastener spring constant definition to be used.
If desiredsless than six slopes can be used.

Statements 155 - 157 calculate the first fastener load guess.
Statements 159 - 222 change the first guess fastener load to a number
nearer the actual fastener load. If the problem has a sloppy first fast-
ener, the second fastener load is adjusted. If the load is increased un-
til the slop closes up in the first fastener, the first fastener load is
adjusted for subsequent load increments.

A IThe total load is compared to the doubler load as the doubler

load after the last fastener. The doubler load must be within less than
25% of the total applied load after the last fastener. If the doubler
load is greater than 25% of the total load (magnitude), the first fasten-
er load is adjusted by + 125 lb. to - 500 lbs. to l.xlO-9 lbs.

If the first fastener load is adjusted by l.xlO-1 0 pounds and the
doubler load after the last fastener is not equal to zerothe problem
is too sensitive and a solution can not be obtained without combining
some of the fasteners into groups as explained in Article II.5 and Figure
II1.9.

Statements 224 thru 270 are the first fastener load and calculate
the remaining fastener loads, doubler loads, and base structure loads,Vithin this section, statements 235 -253 check each fastener station for
sloppy fasteners. If slop is found at a stationthe fastener load at
that station is made equal to zero and the base structure spring constant
and the doubler spring constant for the preceding fastener is combined
with the spring constants at the sloppy fastener station. Statements
274 thru 279 check the doubler loL~d after the last fastener and if the

magnitude is not less than 25% of \,he applied load the first fastener
load is adjusted.

Statements 281 thru 288 adjusts the third point first fastener
load if the third point extrapolation does not dictate a doubler load of
zero after the last fastener.
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Statements 289 thru 320 involves making a second guess based
on the first point. After the second guess first fastener load is
obtained the doubler load, base structure load, and the remaining
fastener loads are calculated.

The statements 321 thru 409 calculates the third set of
data points based upon the first two sets of points. The extra-
polation, statement 393, is method used to "zero in" on the correct
fastener loads. The terms of this equation are double precision,
sixteen significant digits, to allow the needed accuracy for the first
fastener load extrapolation. If the third point extrapolation does
not "zero in" on the correct load, statement 403 thru 407 sends the
problem back to statements 281 thru 288 to make the needed adjustment.
Within this third point calculation are statements 343 thru 360 which
checks to see if slop is taken out of the problem and statements 370
thru 388 to see if the fastener cut-off load or allowable is exceeded.

Statements 430 thru 432 calculates the slop remaining at any
fastener as the doubler is loaded.

Statements 446 thru 464 keeps a record of the loads and totals
the loads as the doubler is loaded. If the fastener cut off load is
exceeded the spring constant is changed for that fastener. If any
fastener cut-off load is exceeded or slop removed, the same process is
repeated with the changed spring constants and the remaining loads until
the total load is carried by the base structure and doubler, and the
fastener cut-off loads or the allowable loads are not exceeded. If the
fastener allowable is exceeded the problem goes to 481 thru 483 where
the fastener, the failed, and the total load at failure is recorded.

Statement 491 writes the load data at each station after the
problem is complete. Statements 497 and 499 writes the doubler weight.
Statement 500 checks to see if residual loads are required. Statement
502 checks to see if all of the problem sets are complete.

Every program follows the basic format of establishing two
data points and solving for the third correct point. Example input
and example output data is shown on the following pages in Figure IV.3
and IV.4 respectively.

The data for the plastic doubler and splice computer is
explained in Appendix IV alcng with the stacked splice and doubler data.
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C PLbST IC DOUBLER
-s.O~lon ?71 FCRMAT(//1IX937HFIRST FASTENER FAILURE AND TOTAL LQAD//)
-S.C1OM 45c; FORMAT( 4X.2HXL,5Xt3HXD1,3X,3HXhr,3X,3HXLU,5X,3HXTS.3X.3HXWS.4X9

)IIX5, S7X, 3HXNR ,2X93H)'CO)
5,00()3 46~2 FCRMAT(//1X,4HXQI=tF7.C~)
SIOC04 451 F Rf4AT(I/IX913HCONFIGURATICN4IXw4IlNO.=910)
S*11(P05 452 FORMAT(1X94HCASE,1Xt4HKC.=Ilnl
s.IW'16 497 FQRMATflX*3HXN=9F6.Pi
SACOO 454. FORMAT(/1X*4I4PLA=,F6.C0)
S.Cl0fc8 455 FORMAT(IX.4HXED=9F9.0)
sl0('fl 456 FCRMAT(lX,4I4XEStF9.ni
S.C('lC 438 FORMAT(1X93HXW=,F6.41
SOO(Il1 eS7 FCRMAT(Flfl.')

-S,0r12 461 FORMAT(lHl.1X.8HXAL(I,l1h2X,8HXAL(1.2),2X,8HXAL(I,3).2X,8HXAL(1.4I

senp1,13 46r~ FORMAT(H19IX,8HXKA(l,1)9 3X,8HXKA(192) ,3X,8HXKA(193),3X,8H-XKA(1,41
1, 3X, BHXKA( 1,5) ,3X8HXKA([ .6))

S.'"14 451 FCRMAT(IHI.POX.THOOUBLER,1X,5HINPUTI
S.(C015 45r' FORMAT(21101
SoCO16 27 FORD4ATUE13,31
S.Of'17 7p FCRI4AT(//?X.THDOUBLER.2X.6HhEIGHTI
S.flflBe 2C FOPMAT(F6.J)
S.C.Cl15 17 FQRMAT(34xt7HDOUBLER~lX.3HAF(S/)
S.0412n 14 FCRMAT(F6.'I)
S - 1 13 FOIRNAT(F7,nl)
S.CQ22 4C,6 FORMAT(lXi,3HSAY.1X,6HFELLCI~,1H,,94HTHIS,1X,7HPROBLEMIX,?HIS, IX,

X3HToo.tlx.HSENSITIVEtIH..7HREGRCUPtlX ,qHFASTENERS)
SO-112315 FCRMAT(1X,2HXZ,2X.3HXNR.3X.3HXKA,7X,3HXPA,5X,3I4XDL,6X,2 HXKD

lt6X,3HXQTtr*' 3HXQB,8x*3HXKS)
s of(, 4 1 FCRMAT(2F1 2

*S.CC'25 21 FCRMAT(6F10.'ý)
(In/ 26 ?r' FORMAT(6F1.0)

S.(ar27 Ir FCRMAT(SFln*4)
S.0029~ 11 EOMTF.o63F.,85963F*t~3F.t7n
S.r'n2Q 16 ECRMAT(F4.tF4.n.F9.l.2F8.C,F11.0,2F8.0.Ftl.O)

S.(*l~ilDIM'ENSION XKD(qql.XKS(ggl tXKCD(99),XKSS(9q),XLSt(0 9)
s~rljliDIF'ENSION XL(qqIXDT(gq),Xfl(99).XLKfq9q)XTS(99),XWS(99),

IXSg99.:.fNljgq9.Xaf~l(5)XLU((99hZ(99),XQK(99)

S*On!l2 DIFENSION XKA(q5,Y6),XD(9;9)tXPF(99)tXB(99),XT(qq),XTC(99)
S'nel-AINTEGER XST,XZP,XtiC,X0,XrT,XJM,XC,RYT,PLA

S9113C3' C0UBLE PRECISION XSO,XAS,XCS,XTDAXR,XPA,XZA,XZB,XDLA,XDLe,XTD,
IXQBtXBSXRPXOL.XAP(99),XLD(99),XPQ(99),XAL(99,6),XYZ,XP,XPR
1. XA%(q5) ,XA2(59l ,XSSP(qgl

S *f*M35 READ(5914) XKP
SOM06 NKP=O

S,(%C!7NNP=XKP
F S*CP-?B 95C CONTINUE ______________

-' I S~flf'41 READ(',45ir) AAAL.
S.11042 NKP=NKP+l_____ ____ _________

Pigune 11-1. Donibler Program
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S.CCA44 REAWSPI~. PLA_____________________
S.P'r45 REA(5,18) XEDXES

$ . rC 47 REAO(5t?9;) XW
S.#lr~e RITE(6.453)

Stfl"49 %RITE(62451.) AA

S.Cc~n WRIITE(E,4521 ABl
S.01 -RITE(6,454) PLA ____ ___

S.Or52 6RITE(6,455)XED

S.CC514 N=XN
S.C(55hRITE(6,457) XN

S.(,(5~6 iRITE(6,418) XIW ___

5.0057 XLRP=1.Cl

SOC1NT=N-1 ___

-S*0062 :kT=O ____

S*0')E:3 READ(59101 XDTAXWOA,XLLA __

S. 0fl64 READ)(5,7')?(XL(TJXCT(I),XhO(I) ,XLU([) ,XTS(I3,XWS(I,)
Sor(les REAU(59897) Cxý.C(I),I=11NJ
So(r,066 _______________________________

So0067 WRITE(6911) (XL(I3 ,XDT(I),XhDfIJ.XLU(i),XTS(I),XWSUl)

s.cr6e 0 195 I=19N ________________

5.0071i )KS(I)=XTS(I)*XWS(I)*XES/XLL(H _____

S.(1072 XKSS(I[=XKS(i)
S5.0073 XKDD(I)=XKD(i)
S.C1074 XAW(I)=n.0

-- Q7 XLSSiI)=XS(I)

S.OC79 READ(5#13) XQP

SOCCE3 q7C CCNTINUE
SoCr84 Ry7=l. ,___________________________

S.Or.85XQI=-XTQ(T)+XTQ(I)/)CYR*XQQK
S.f~ce6 DO 1r55 1=19N
S.0r87 XCC((Ik=-XQK(IJ

S.0088XS( IT=XLSS( I)
s.(,ceq 1055 CONTINUE

S.0(191 979 CONTINUE

Figure IV.l. Doubler Program (Continuod)
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S.n"'92 RFAO(5#2(31(XKA(1,l)j XKA(I,2)hXKA(1,3),XKA(1,4),XKA(195)bXKA(1,61
1,91=19N)

s~flI94 WRITE(6,46C)

IXKA(1I,6b1l=IN)
SI09 RITE(6,461) _____________________________

Sern97 WRITE(c6,21)(XAL(lIl,1JXAL(I,21 ,XAL(1,3btXAL(I,4btXAL( 1,5),
IXAL( 1,6),1=19N)

SO(Ifige RITE(69462) XQP

SOCC99XIP=0

S*rlO? XPI=O1D

S*0103 XTT=-1.
S.01C4 XST=O

S*Mý5XPR=0

0 f XTP=fl
S.ýJC7 J=l

S."Ics1=1
V 91 GC TO 430

4rr CCNTINUE
S-0111hT=O.r

S.CI12h =,f
S90113 JF(.99q9-XP) 3"!2,3(02tI798

-S.n114 17SO CONTINLE ______________

S.C115 CF(XP) 401.,13C2401
S.C116 13r2 CONTINUE
5.n117 IF(ABS(XGI)-ABSiXQP)) '.Cl,302,401
S.0118 4rl CCNTINUE

5.()Ic; 0 10C~5 I=IpN
sC. I ?(I XQr( I )=XQ.( I) *(1.-XPI

5 f, 171 1r V15 COKTINUE
S .0122 XCI=XCI*C1.-XPI

S.2121 4S CONTINLE
S.0124 XZP=fl

S90125XV=O
S *,* 12 6XAF=I =.
SCJ27XTT=-1.
S.(18XST=-l .- 3' ,43.

*CC11 IF(XUT)379C31
S.C13n 371 CONTINUE
S.O'21 JJJ=41(

StP133 W4 CCNTINUE
S~rl1~4 IKA=XALfIII,JJJ+1)
S.0,135 IF(IKA) qqgtqq5,368___________

s~f~lj6 36P CONT NLF
S.C137 XKA ( I II ,k )=XKA(11[,JJJ+1)-
S.('13q XAL( 19 )I.J [XAL(111,JJJ41I)

figure IV. 4Doubler Program (Contrinued)
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13 1;Z(Illl=7K41.
s .(114C GC TO 37C

S~I2GC TO ';9e _______

S P 14? 37r CONTINUE
S ('4 JJ=YK
SC145 7if r)=YK+I.

14 77'q CCKTINLE
s."148 IKS=XAL([IJj+1)
S.(1149; 1FfIKS) 99998,4?';
S.C15C 4?'; CQNTINLE
s.ri~1 XAL(IIJ )=XAL(1I,JJ+l)
S.(.152 XKA(IItJ )=XKA(I[,JJ+l)
S.CI53 41C CONTINUE
S.0154 1=1

S.C1~5XAEU=XDT(I)*XWO(r)*XED
S.'~1~6XAES=XTS(I)*XIWS(W)*XES

S.('1157 XPA=((8./XN)/(XAED+XAES))*XQ[*XAED
_______ GO TO 56

S.n1s9 4S !F(XZP) 183,1FO,181
S.rlEC 181 XAN=.l
S.Cltl XJM=1.
S.0162 )CTT=l.
S.C.163 XPA=XR+XAt"
S..16.4 GC TO 3?

SICl&¶, XPA=XR+XAM
c.CI67XTT=O

S.C168 GC 10 2?
S~t'~r7 183 IF(XMC) IE6,185,!4

S.r1711 184 XAM=.r~rl
S .C17 1 XPA X R+XAM
Sof!172 M=t
S.1ý173 GO TO 32
S.0174 IR9 XA?'=.OO'Cr1
S-.,C 17 5 XPA=XR+XAM

5S,(177 XQ=-1
S .C 17 8 GC TO 32
SC179 IR6 IF(XC) 187,188,189
S.Ql1eC 187 XAt'=*CrOOVOI
S.(1181 )CPA=XRI-XAM
S.(1182 X Q=

__S*.C13 GC TO 3?
s.'i.84 188 X~&M=,'CrOCrflol

s vi eq XPA=XP+XAM

S*0187 GO TO 32

5 .f, 8 F 1 CONTINLEI S.C8 h RITE(6*4q6)

Figure IV.l Doubler Program (Continued)
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s. *11 g GC TO 179
- *_____ 51 IF(XTIT) "I1,14,-A33_ __________

S rl,;?34 XAM=-S,
S.rj~l )(PA= XR+ X A I

S ,rIc, 6 13 IF(XJM) ?71p'f 9-,

5." iq7 -3 xAtp=-.r1
s r I (;p )P A= XP+XA NO

S__ _ . Iqq ( C= I.

S . f2 "r ZP=-l .
S . "2 r IGO ro 1?

S.r2-13 XPA=XR+XAM

S~r2C9GC TO 3?
S.(121637 [F(XQ) 39,39,4C

s .^p XP A=X +XA

-_S.F21C )c.VC=- I.
s.r2111 GC TO 3?
S.C212 ICxM-rrpp

S21__ XPA=XR+XAM

S,C'?15 GC TO ?;2

S.F71 7 XPA=XR+XAm

s.r?ig GC TO 32
S.C??n, 11 XA=-5,",.
S.,?21 XPI'=XR+XAY

* 3?r2? XR=XPA ________________

S .r 2 23 1 =
S .' 2P 456 XZA=XNR(I)*XPAi/XKA(ItJ)+XS(I)

S .C 2?f1. XCLA="^

S . V 2? F XQS=fl
sor22qXR=XPA

~S..- U-3c- - XDA=XP____ ________

1ý 2 X7D=XZA
17 GC TO 8r

--. *236 Br CCNI INUE
S~r217XAS=XTO

-S5.C238 IF(XS(I+M) 424,42894?4
r23q 4')4 CCNTINLE

S ( XPA='.C

Figure IV.1. Douabler Program (Ccwitinnied)
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r C41 IF( XIPP) 169 91659,tlO' ______

'" 271 CCNT I NLF________
S.r243 I F( xZ -X N +) 5 6 1 16 5 6~
SO .- 4 4 1t C C hTI N.L F

C KQQMI=XKN1() __

__5.1-46 XKSS(I=XKS(I)____
S .r24 7 GC TO 165 __ __

-S.2qIF(I-1) q,?,?
Sr7rO 4 ') CCNT!NL-E ________

S. r2 5 1IF ( X5(fI )) 4?79426,4?7
S !252 4?7 CONTINLE __ __________

S .r 2 - XKOO(I=XKODl- ___________

S .fý 4 KSS( M=XKS( I
s .(1 5 5 4?( CON'TINLE

s "256)CPA=XA S*XKA fI 9J A____________

S~r?57 16F CONTINLE-
S.r2ae XDLA=X[OLA+)cPA*XNR(I) ___________

s rl~c~c SO=XLCA/WKDOMI
s c26*!* XlqS=XL (I )*XC ( II + XQS

S.C?6] )(CT=XCS+XQr__________

BzJ12 6 2 LCB_________
S r 261 )c-IS=XQB/XKSS(II __________

S.0264 x!) S= XRs-XS. _________ S__ _

S.26 Z=XZ+l._______
s . r? 6 1F (X S T) 5%c,54;E,5P9

5*C?67 ~ q F YR=XQS+XCP
s .r26 e XQQKi=XCS

C 2 6 q iPC CONTINLF___________
S.C?7 I F (XN- XZ) IC1,p1 rl .PI

5.C71 1 r CCKIINLE_____________

S.0?72~ I F (X Q T) 211953,?3P
SJ271 233 CCNTINLE

S.C274 IF(XOLA/XCT-.2'5) 4794?,4q
s,r?75 '.2 IF( .?r-xDLA/XCT) S19,53#53___

s .r 27 6 23A CONTINUE
S.C277 IF(XDLA-.?5*XCT) 57,57,51
S.')278 57 IF(.?9 *XCT+XDLA) 4q,53,tj4

S~r274;51 CONTINLF
GO__rCCTO__71 ___________

S e ?2Pl I CCNTINLE
S. C2 F2 xlA=XTDA_______________

S~r26?XDLA=XLO(I)
S , - 2P 4XR=XRP*XKA(IJ)

S~r2EEXZB=XLA+XDLA*(XZA-XZ8)/(XCLB-XO)LA)
S.f2E7 XPA=XKA(I,J)*(XZ8-XS([)
s.C~F IF(XZt3-X7A) t75,9C9,954
S.(?pc! 71 1=1 I
S.r2qr XPA.=XR+XAP/1 r-,
S.C~qI 174 XZB3XNR(I)*XPA/XKA(1,J)+XS(I)

Figure IV.1. Doubler Program (Continued)
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S.C~2S2 1;5' X 7D= X ZB
S.1021;3 XR=XPA
SeC2q4 XD S~::

S.0295 XOLf3= ___

S*C2';7 ___S=0

So 2 6GC TO e4 _____________

so ~ 5;8 CONTINLFJ__ __

S.(13111 A4 )TD=XTL]-XOS
SeCY12 XAS=XTO

S * (1 P, 3IF(XStIl) 41",i418,4lq
SoC-3(4 41.C CCNT[NLE
s.rcsC XCSSP(I)=XTO ____

S.C31.6 XPA=04O
S.0307 GO TO 265
s .c3 ', 41P CON~TINUE___
s I(V3 C q XPA=XAS*XI(A( I J) __

S.C031C ?65 CONTINLE
s.I. 3 11 XOLB=XOLB4XPA*XNR(I)
S.0312 XSO=XDLB/XKODfi)
S.0313 XQS=XL(I)*XQr(I)+XQS
S*0 314 XQT=XGS+XQI
s fl?15 XQB=XQT-XDLB __

S*C316 XBS=XQB/XKSS(I)

SC1 xzs=xz+1.s
S00318 X=Zl
SsO31'q IF(XN-XZ) IC3,1'e3985
S.rt32C V~3 CONTINUE
S.0321 e7 CCNTINLE
S.C322 XPR=C
S.C323 Z(
S.0374 [=1
S.0325 XLD( I W,=
S.0326 XQS=O
S.C327 XDS=tO
S.0328 XY=O
S90321; Xp 1=!,
S.C33t, XVF=XP
S.0331 XT(.
SoC332 XP=O.(
SoO333 131 xTD=XZB+XOLB*(XZB-XZAI/(XCLA-XDLB)
S.0~334 XTOA=XTD
S .013 ?s 132 XRP=X TDA
SOC1336 GC TO P6
S.0337 74 CONTINLE
S.C338 1=1+1
s . 3 32 XIO=XTD-XDS
S.0340 86 CONTINUE

S*0341XAS=XTD
S . 3S.342 IF(XS{I)) 4rqv4Cee4C79

Figure IVi1. Dodabir Program (Ccctinuod)
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S.0343 4 (9 C CN TI N UE
SoV344 XAP(I)=zC.C
S~r3-45 XSSP(I)=XTD
S.C346 I0=(DAB5(XTD)-XS(1) )/OAB3StXTC)
S.C347 IF(hT) ?8S,3S'",39'r
S.'f3's8 389 CCNTINLE
'S.C34q iT=fm 0

s . t,3 5r.GO TO 332
SlC351 3 S r CONTINLE
S.C352 WT=ABS('.T)
S.r353 IF(WtT-XP) 332,374t375

2.I5 GT 32 _____________

_LSf.A'r37 374 CCNTINUE________________

S.C36f0 4Cr CfJNTINLE
S.C?61 348 CONTINIF
S.C362 XAP(I)=XAS*XKA(IVJ)

S*C?63XA'?(I)=XTD
S e ,'3 t 3f5 CCNTINUE
SOC?65 [F(FRYT) 64E,64e,3-Aj

S .' 36 6 64 CONTIKLE
S.C3f7 IF(XSI) -;37,q0',S99

S.C-36F qte4; CONTINLE
s 0 7?L 19XPF(I)=(O

S . . 370 37 CCNTINUF
So(1371 XVZ=XAL(IJ)-ARS(XPFfI))

lzoC?73 3r4 W7=ABS(XYZ/XAP(I))
S~r374 I',S=XP

S.0377 3rc CIJNTINLF

S.C~er XLT=I*

SI.r.t-3e GC TO 332

s.C'P3 YK=1(1)
S.C3E4 )CP1=I.
S.,'1385 L=.

S~re6XP=IDABS(XYZ/ XAP(13
S.C3e? XP=I.-XP
s.ripp GC TO 232
S.r38q 331 CONTINLE

_ s .C3qr 123 !F(1-) 7¶5'¾775,715'
seC3C1 77?; XLQI1I=XAP(I)*XNR(I)
s C",Ar, GC TO emC

S .. 3' 7 1 1 XLO(I)=XLn(1-1)+XAP(1)*XN\R(I)

Figure IV.1. Doubl~er Prop'am (Coaitned)
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S *Cý 94 6f~ CGNTINUE

s10 395 )cSC.=XLDMI/XKDDMI
S.c3q6 )cQS=XL(H)*XQCP(I)+XQS
S 03Vl )CT=XCF+x(QI

S.03q;8 Xi3Q( I)=XQT-XLD() I
* S.39 ~XBS=XBQ([),/XKSS(I)

S*OV4Pý XDS=XBS-XSD-
S .04 -, XZ=XZ*l.
S.O4P,2 11L7 IF( XN-XZ ) lr2dn?1,74
S*0403 Ir? CONTINLE ________________________

S*(W)4AXLD=XLD(l)
S.1ý4CS AAQT=.Orol*XQT-
S.0~406 IF( ABS(AXLD)- ABS(AAQT ))88~',18Pf,88
S*.04fVT OV! CONTINUE

- S.04rC8 IF(XSJI1)*1'OC.) 481,421,481I
S004C9 481 CONTINUE
S.041r XLT=C.r

% S."It1 XSp(II)=cG
S t'(412 X SS(I I ) =c.

IS,0413 kKOD(II)=XKD(II)
I ~ S01 )KSS(II)=XKS(II) ____________________

S01 IF(1I-11!479,21,47q
I S.04 16 4:T4 CONTINLE

S*.0417 XKDD(1i-1)=XKD([I-1.)
1So0418 XKSS(II-1I)=XKS(II-1)

Set'419 4?1 CONTINUE
i S.(t42C, IF(XS( III)*lOC&.) 515,422,515

So0421 515 'CONTINLE
S90422 XSS(1II)=0.'n
S 0423 XKOD(IIIW=XO(f I

ISe0424 -XKDS(III)=XKS(III)
I - SoO425 XKSS(III-l=XKS(IIII-l
IS.90426 XKSS(III-II=XKS(III-U)
IS90~427 2 CONTIN11UE 1.-1

S90426 4 X2 CNT-XP
I;*0429~=,N

S*04!f D 1n IS=XSI)-,N XSP1*P
S*0?431 XSM=XS(CCTINUE8____________

S.(1432 rr CNIF(YT rC,
I ~S.0433 7! CONTIN _________________

* Se0434 V CNIF(PNLE 3C,5
SSe43r6 3( FXP) 5931.5

IS.o'437 Irc CONTINU
S S.04 37 35 CNTN
S*043e 1Z=1.

S.Q44C. IF(XST) 73797C7,9999

S.0441 7C7 CONTINUE T
S*0442 'IF(RYT) 7CE97CE1737
S.0443 7C83 CONTINUE
S,,0444 GC TO 726

Figure IV.l. Doubler Program (Conltinued)
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S.b445 7 35 1 1'+1__ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _

S.('446 736 CONTINUE
S.0447 XB(I)=c
S.044PJ XO(1)=

S,(,449 XTQ(I)=C
S.0459 XPF(I)=f)
S.0~451 IF(N-I) 9qst;7349735
S.O4? 734__1=!1 _____________________________

S,('453 GO TO 737
S*0454 65 CCNTINLE
S.0455 I_ _ _ _ _ _ _ _ _ _ __ _ _ _ _ _ _ _ _ _ _ =.I__ _

S,0456 XZ=xz+t. - * ____________I 1
S.0457 737 CONTINUE
S.045E XPFU)=XP*XAP(Ij+XPF(I
S,04159; )cO(=XLOM *XP*XD( I
S. 04 6n XB&(I)=XBC(I)*XP+XB(I
S.0461 )CTQ(i i=(XRQ(1 )4XLD(1) I*XP+XTG(1)

S~r46?XBQ(I)=XTQ(I)'-XO(I)
S.(1463 XLRP=r.nl
S.0464 IF(XN-XZ) 3CI9,31,965
S.0465 3CICONTINUE ____________________

S90466 IF(RYT)__4E~,4E546______________
S.C467 4?6 CONTINUE
S.C468 ITQ=XT~fl()
S.04619 IF(ITQ) 4r-r,3C2,4CC
S.C470 485 CONTINUE
S.0471 I'VR=XYR
S.0472 IIQ=XTQ(I)
S.0473 711 CCNT[NLE
S.(1474 IF(IYR-ITQI 5C50f(2t4nOr
S.0475 50~5 413C=IABS(IYR-ITQ)
S,0476 IF(ABC-.T~!*XYR) 302,3C293(05
SC477 3r2 1=1

C 4 7 PGC To jr4
S .C4 7- 9 G8 CONTINUE
S.04eC X 1=1
S.04el tRITE(6,27(;)
SV.4042 IRITE(62181 XI,XTQ(II

S,(1483 GO' TO 3n?I
S.C484 3f 3 1=1+1
S.0465 xi=XZ+I.
S.,C4e6 GC TO 410 I
S.L04e7 3r4 kRITE(6,l17)
S.04PP kPITE(6,lq)
S , r0486q XZ=1 .
S . 04 Sf 41C QCNTINUE
s IL)4 91 WR[TE(6,161 XZ.XNR(IhtXKA(IJ),XPF(I),XD(Ih#XKD(lI

IXB( v XKSM I XTQ41 )9,
S.014q2 IF(XN-XZ) q,,q.2qq,3C3
S,0493 3.f5 Xp=(XYR-XTQ(J))/XYR
S.0494 XZ=1.

Figure IV.1. Doubler Pro~ram (Con~tinued)



S.,C45f6 GO TO 737
S.C!457 g~ CC#NTINLE
S90456 WRITE(6, 20)

*SOC-499 WRITE(6927) XWT
S.5 ~IF(PLA) 9.P~rfC,'97C

SIC521 q~ CCNTINUE
S.f'5C2 IF(NKP-NNP) 4q5C.S51v951
S.0503 951 C N T INUE

S.C505 END_ _ _ _ _ _ __ _ _ _ _ _ _ _ __ _ _ _ _ _ _ _ _

?ur V.1. Douibher Prgram (~,C1'wlud)
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Si C---- t Allowable Load

Cut-Off Load

I Cut-off Load

I I
Actual Curve

- - - Straight Line Approximation

It

0
Deflection"Inches

Figure IV.2. Load-Deflection Curve for a Fastened Joint Replaced by
Straight Line Increments
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ii 7 ~-%')6~A()0. 607) . 1 A~,.,

'11 7'-, . 1 )6"O. 62 7 v, I?%..ut ... -'

1 . 7 ,.9 . I ', A 'O . 6 0 7 0u . -"1 () ,%- ,

7rt. 11 2! r t 1 .- f50, 1A/(. ! ('(.]II7aCi 11 I *" 1 4 ,• I r !.I -/'U. 1 7'a..

7 19, 5 5 7r/. 7u

7•¢.C. 1 ]9. 1 V4.,* I :', 1A(,,.

!'Q11 ",. ___- _____________ ___, ____ ___.____ ____

1 12g 1 .? 1•~. !:6, !- 7 ,. 1 7'¾J.

7a'* 12. ', "% P 51: • u 7' ,,

75(. I * !* o 155('. 1 r7 u. 1?',•,.

1177 7 1 u

1 1 7" Arto
11 7(fl

1 17)00.

1 1 7500.

!!7&ý00*11 7':O0*
117=00*
11 nnn O
S1 7',00s_ _ _ _

1 1752t0,

1 noon,

1) 0 rO'i

1 (" : 101 ',

1 ¢• '1 t'V , , ,

1 (3 P3 t l.t

i e:; fit)(

Figure IV.3. Exanzple Input Data (Concluded)

85



OUTPUT DATA

XZ = fastener row

XNR(I) = no. of fasteners in row

XDA(I, J) = spring constant of fastener

XFF(1) = fastener load at I fastener station

XD(I) = doubler load at fastener station I

SKD(I) = doubler spring constant at I

XTQ(I) = total load at Station I

XB(I) = load in base structure at I

XKS(I) = effective base spring constant at I

XWT = weight of doubler

•" ~ xD(I-1) •-{!; ._•XD(I)--XD(I-1)÷XFF(I)a ~XB(I-1) X-,I•_, B(I)=XB(I-1)-XPF(I)

Figure IV.4. Example Output Data
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U)CM FER INPUT ________________

CONFIGURATION NO.= l'rCmerm ________________________

CASE NO.= 3i 11-r7- r

PLA= 1.

XE S= 1 _C3 C^tr C".__ _ _ _ _ _ _ _ _ _ _ _ _ _

XN= 16.

XL XLT x~C XLL XTS XhS XS XNR XQO
I .Cr ,)(, 7.r72 1 .3e l.v"CC~0 1'.1 r7 2.88 1. 1. 225.
j rciio) r.r7? 1 .38 1 if~ .1C 2.88 C.l0C I1. 225.

1.CCC'" r.C7? 1.32 1.,',', ".10 2.88 0.no1 1. ?25.
1 .CC rl~r r.7? I .3 P 1. r0 -.1p2 2.88 f). o I 1. 225.
1 Ccron~ r.r72 I .38 1 .f'rC C. Ir2 2.P8 r.O01 1. 225. __

l1r,(rf!V llrr7 1,3E l.f!CCC r.102 2.88 P.001 1. 225. ____

L/~rC(r r.r7? 1.38 l.P0VCC r.102 2.88 0.00 le 225.
r.C0 .7 ? 1.3e8 %e m C. 1C2 2.88 o.C 1.0 225.

1 ..9t!CC C- .Cr7? 1 .38 i ".0 "1) ". lf! 2.88 1% f! 1.0 225.
1."CCC% C.C7? 1.39 I.~C~r0 C.102 ?.88 C.1(11 1. 225.
i .- rrCCC CC72 1 .36 3. r"r0 r.V102 ?2. 88 r.0V01 I. 225.
1.CCCCl '.C77 1.38 1.'%mne(' ?.1' .88 0.001n 1. 225.
I.c0rr0,' f.077 1,3F )r0C 0.1Q? 2.88 C.001 1. ?25.
1.Cror(r C.r7;1 1.3e C.,.Jr2L 1 ?2.88 0:.001) 1. 225.
1.0CC rrr .7 ? 1.38 I.00 I 0 1'Il .1(12 2.88 n.001 1. 0.0*

Ii , ?5(, rr 13 1t56 ~ rO (17C. 1 322?88C001" 19. 0 120

_____r 515" '6f,,. 697'c0. 320(110. 12. 129noo
-117500f. 1C 6".Ir 64;7col 32000. 192nn, 1 290A.

117 5r"' . cr6^r. (-q700a. 32000'. 192-10. 1290n~.
- 175P 6 n 0 . 697C00 32rqn. I192001). 1290n,

__1_ 75C!. I r n6 , r. 697CC. 32r000-. 192CI . 129n0.
II7r . rc6. 161;7rol 32000.l 19200. 1290e.

I Cro. VF56'r. 6s70". 320"")I. 192n0. 129001.
1 rmr 691m 32nn00. 19200. 12900. -

-.- II 175r,,. V56"C. 6 9700 (If,1 192055. 12900.11 75re. ______________________________
____ 97C. 320"'). 19200. 129009

117~crr l"56"'r. 6970". 32000.l 192n". 12900.
___11 75f00. I_____61 ____67r___________921___129___

- 1175"". 1j56r~r. ________________ ____________12,)(

e,, .7~~ 6S1r56"". 9r. 1,9M

Pliwire Iv.4. Exanme output Data (Cconitnued)
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S~I

_ XL .II XAL.I XAL(I . XAL(155'_ XAL([2S_7XL I .. -..

75C. 1125,.jlq, 155,n, 167n, 175r, ...
7 75 C 112F. -135r 15e". 167P. 1750. .
790. 1125. 13C• 155w'. 1670. 17C _.
75Cf. 1129. 155" r-f _l67C. 750.i

751. 1125. 1390. 155(. 16 7n. 175C.
75r. 11253. 13?. 15rC. 1670. 1750.
75r. l. 11. 1 3c. o. 5r, 1671. 175f.
75'. 1125. 13qf. 155r. 167r. 175".

75r, 125 . 139r. 155(0 1670. 1_75__.MI , 1125. 139(10 1_59C. 167A. 1750.
75r,. 1125. l1 q1% !55". 167fn. 175C.*

750. 1125. 13"0. 15-1 1670. 175 c .o

75C . 1125. 1 3(;r. I (1. 1670. 175n.

XQI= 8aror.
DCURLER ANS

X Z• XNR XKA XPA XDL XKC XQT X QB XKS
I. 1 f (7•. 1524. 1 24. 1'234"7. 1Q225. 67nl. l K25724 .

2. le 11 7154 . 1514. Ir234C7. *18 4 r0. 16Q?6. 30257?6.
2* I. irq6Cf. 1O09. ?9?'. jm?.34r77 •18675. 16146. 3n29726.

4. I. I17900. 6q7. 322f. IC234'7. 139^n. 15674. 30257?6.
9. 1. 117Fnr. 459. 3ýP5. I"23407. iQ125. 15440. 3n25726.
6. 1. 1179rn. 28, 3S(67._7C?34,7. 193't. 1518?. 2, 25726.
7,1. 11759r0, 152. 411q. le234n7. 19575. 15456. 30257?6.

. 1. 5rr, 131. 475r. l1234n7. 1Q8Pn. 1955r. 3n2577/.
q,• 1. 175rr. 15. 4265. 1C734n7. )•CK5. 15760. 1125726.

log 1. 117se- C. 4265. IC23407. ?12a2. 159P5, 3^297?6.
11. 1. Ij7qCr. -121. 4144. 1r734i'7. 71475 , 1631I. 31%2S776.

12o 1.-1175f.. -280. 3864. Ir7A407. ?"77"1. 16836. 3025726.
13, 1, . 175rr. -4qP. 3374. lr-7-3 4 n7°o 20o25. 17551. -3 57 2.

14, 1. 'r=6rr. -78!. 25q3. IC234C7. 211') . 18557. 30?5726.
15. 1 . 697ro. -11409 1445 1 r234r7. 21375. 19Q31. 3r225726.
'61. 3?n1Ct. -144q. -0. 1r23407. 21375. 21379. 3025726.

COUBLER 6EIIGFT

/

Figure iv.4. Exa pe Output Data (Cctitnued)
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XKA(I,1) XKA(1,2) XKA(1,3) )CKA(1,4) XKA(1,5) XKAiI,6)

1175000 c C. no 0. 001
117500., r.A

C. O00.0.
rc I C.I . 0.0

11 751~. fn C. *0 (00

1175'~. C.0. 0.0.
117 5 PC0 0. 10. 0Pon
117rrCC. C. 0, 0.0

!175CC.C.0. 0. 0, 0.0
117 5C r. . 0. no.0.

!17 "C- . C. no 0.0.

____117500. f. #I I. 0. 0.0 I
1] 7 ýfC. 0~ C. no 0 0.0

.-X.4LI It II...ALLL1Z...J XA L(193 ) X A IAr* 4)- JALLLL5JX AL 6L........
icnAC. r. 0. n . 0. 0

f, #--- ' 1

___ 0.0. 0 .

IC~t C. n n 0. 0.0 __

I__ r. ". r. ,
.r,~ . V .

r . m'0 0. 0.0
*re . C. 'l ( 0.0)

I fir P. .. 0l.)

t* 11. 0. C. '0 In__!__

XCVI__18 "'.__ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _

Figure iv.l4. Exanpe output Data (ce~itinued)
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DOUBLEP ANS_____

XI NR XKA Xpa XCL XKC XQ1 X~o XKS
I, I* 1. 17950'. -353. -353. 10234n7. -0.* 353. 3025726.

...2..±.It 117Frr. (1. -353. IC234017. -M. 353. 3(%25726.
3. 1 .... 117 1ý#'(I. 9 ?i - 2 6!0. C234n7, 0 26n. 1025726.
4..j 1.. 117500. el. -179, 1(23407. -0. 179. 3025726.
5. 1..,.... 11750Irt 54. -125. IC23407. -03. 125. 3C025726.
6j,.1,j 11,7 5 r 350 -9c. lC234017. -.1I 9P. 3025726.
7, 1. 117500. 21. -6S. 1023407. -0. 69. 3025726.
am 11 1115rC. III -5e, 1023407. 0. 58. 3025726.
9, 1 1175nr, 2 - 57. 1(234C7, -00 57. 3025726.

10,...i 117500rt~ -57. IC234C7. -O 57. 3025726.
11 *.....1±. 1175CC. -16. -72. 1023407. -0. 72. 3f025726.
1I2, 1, 11 7500.l -27, -199. 1.0234C7. 0. 990 3(025726.
139 1,..i 1175Cr. -42, -142. 1023407. -0. 142o 3025726.
14* 1, 1175CC. - 6. -2r02. 1C234017. -0). 202. 30!25726.
Ift I . 1175rr, -37, -239. 1(2340)7. 0. 239o 3025726.
16 1 * 1 115n0. 2?9. - 0 1C 23 4!?7. 0). 0, 3025726.

DOUBLER WEICI'T
r.164

Figure iV.II. Ecanpie output Data (conoluded)

90



IV.3 ANAWG COMPUTER ANALYSIS

A method of determining the distribution of fastener loads in
a splice by using an analog computer is described in detail in
Reference (4) and can also be used for a doubler installation. The
method consists of replacing the actual structural elements (fasteners
and axial members) by an electrical network of resistors in the form of
potentiometers. The resistances are adjusted so that the relative
values of their reciprocals (or "mhos") are the same as the relative
values of the spring constants in the actual structure. That is,

-/ k. •This is illustrated in Fig. IV.5.

• s,,,, "/ •. , ¥ , - t

Physical Structure And Applied Load
(a)

~ '%~ kD, je05,e 1

Equivalent Electrical Circuit And Applied Current, I0

(b)

Figure IV. 5. A Doubler Installation Analyzed By An Analog Computer

A voltage Eo is applied, generating a total current I . The current

I divides among the resistances in the same manner (proportionally)
as the load Q is distributed in the structural network. Therefore,
reading I and I with an ammeter (or by other determination), the load
in any structural member can easily be calculated as

Zo.
9'.

lQ X
R4*



The analog computer can also be used for multiple (or
"stacked") doublers and splices as well as for shear-lag problems in
sheet-stringer panels. It can be used for load levels where the
values of k' are in the plastic range, by using the method of super-
position as discussed in Section III. In this case, the resistors
would be adjusted for the specific spring constant values existing (as
selected per Figure IV.lO) for each increment of applied load.
Reference (4) also describes a practical constant voltage source
necessary for applying a distributed load (i.e., such as an applied
shear flow) or any intermediate load. In any case, the same results
would be obtained as by using the other methods discussed in Sections III
and IV, since they are all derived from the same elementary theory.

IV.A OTHER DIGITAL COMPUTER PROGRAMS

Although this report is based upon the trial and error
solution for the internal loads,
the loads can be determined in the conventional manner for redundant
structures by solving a set of simultaneous equations. That is, if
there are N fasteners in a line in the direction of the applied load,
there are N-1 redundant fastener loads. A set of equations can be
written for any given condition of the structure (i.e., for any specific
values of k k and for any slop, maiM thAt the s1qwy
fastener is ine fective). Then the results obtained after solving
the simultaneous equations can be used as the "unit solutions"
discussed in this report. This procedure is frequently used where digital
computers are available.

Reference (5) presents a routine for determining the fastener load
distributions in splices involving two or more axial members. The basic
approach involves the solution of simultaneous equations (hence it is notuseful for hand analysis.) Provision is made for including the effects
of plasticity and temperature. The method is based on what is referredto as the elementary theory in this report. As presented, however, the
routine is not arranged for the analysis of a doubler installation and
provision is not made for the inclusion of "slop". Considerable
practical discussion concerning the development , use and presentation of
fastener load-deflection data is presented and specific data for one type
of fastener (Blind Hi-Shear bolts) are included.

IV.5 ADDITIONAL PROGRAM) PRESENTED IN APPENDIX III

Digital computer programs for a splice, a stacked doubler
(one extra doubler) and a stacked splice (one extra member) are presented
in Appendix III.
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SECTION V

DATA FOR ANALYSES

V.I INTRODUCTION

As discussed in previous sections, there are three specific
types of data that are necessary for determining the fastener load
distribution. These are

a. The fastener spring constants, k

b. The axial member spring constants, /D qnd ks

c. The fastener hole clearance or "slop", Ac

Each of these is discussed below from the standpoint of practical
design and analysis.

V.2 FASTENER SPRING CONSTM

This factor is the index of the amount of load, A ' , required
to strain the joint through a small displacement,49. The displacement

S(called the "deflection") is the local "shearing" displacementV
normal to the centerline of the fastener as shown in Figure V.I. " is
obtained experimentally as the difference between the unloaded length
L (actually 2") between point-a A and B and the stretched length, L + 8,
between the points A' and B' under a load P. This deflection,
therefore, includes not only the shearing bearing and bending dis-
placements of the fastener but also those due to the local bearing
and axial deformations of the sheets in the region of the hole.

it

Figure V.1 Deflection at a Joint

By testing specimens as shown in Figure V.1 (Which are the
same specimens as used in obtaining conventional fastener-sheet J
strength and yield data) a load-deflection curve for any specific
type of joint can be obtained. Such a curve is sketched in Fiivrie
V.2. A discussion of the manner in which such a curve is obtained is
presented in Section VII.

Frequently the curve has a considerable
linear portion at low load levels. Mhe slope of the curve at any
point is th? value of Aov = AP/46. Hence, it can be
seen that /• is a function of the load itself. Thus, k is
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lAMP P cT/=/471 C44r, vE

I V

Figure V.2 Typical Lo~d-Deflection Curves for Fastened Joints

analogous to the tangent modulus, Et .of a stress strain curve
for a material. The non-linear fortion of the deflection curve is
referred to an the "plastic range". In this range 4•v decreases
from its initial largest value to lesser ones as the value of P
increases.

For most of the fasteners and gages used in a practical
doubler or splice Installation (high strength steel fasteners),
there in usually a fairly extensive initial linear portion. This
allows the joint to handle reasonable load transfers without exces-
sive permanent act, or yielding.

The-exact shape of the load-deflection curve depends upon
several items:

a. The faztener type, size, and material properties
b. The material properties of each sheet
c. The thickness of each sheet (different thicknesses

giving different results)
d. The fastener hole-clearance or "slop",
e. The number and arrangement of the axial members

Items (a) and (b) are fairly obvious effects. Countersunk types
will be more flexible that protruding heads, solid fasteners stiffer
than hollow ones (blind types)) temperature is a variable since it
affects material properties, etc.

As to item (c), most test data appears to be obtained using
sheet specimens of the same material and thickness. Hence, when
members of significantly different thicknesses (or materials) are

94v.

S. /sFM,



joined either the test data for this particular combination must be
obtained experimentally or some reasonable adjustment of available
data for other combinations must be made. Although not substantiated
by significant testing, the following adjustment is suggested for
such cases, referring to Figure V.3.

_________ Material 1

i- aterial 2

Figure V.3 A Lap Joint Having Dis-similar Sheets

Let A/ be the value for two members of material and thickness 1.
Let,+a be the value for two members of material and thickness 2.
Then the "effective" value of kF for the jint is taken as

As to item (d), a tight hole, or one with little clearances/op),
will result in a stiffer joint that one having a considerable
clearance even after the initial clearance has been "closed up" under
load. The effect of slop on the load-deflection curve is discussed
in Article VII.7.

The number and arrangement of the members will affect the
spring constant since these affect the "end fixity" for the fastener.
That is, the spring constant is a value relative to two adjacent
members and is easily determined by tests as previously discussed
for single lap members, or for single sandwich joints (since a sand-
wich joint is considered in analysis as a single lap joint). How-
ever, when the members are stacked, as in Figure III.IJ], the
relative fixity between adjacent members actually depends upon the
loads in all of the members. Hence in this case even an experimental
determination of the relative spring contant (i.e., the load-deflec-
tion curve) between the adjacent members is a difficult undertaking.
This is because each load deflection curve would depend upon the
actual test load applied to each member. In addition, the relative
deflections between all adjacent members would have to be determined
experimentally in order to describe the proper curve for adjacent
members. It may be that there is little difference in such spring
constants due to variation in member loads, but this subject is not
investigated in this report.

Thus, the load deflection curve shown by the broken line in
Figure V.2 could be the result, (compared to the solid line) if a less
stiff fastener, or sheet material, or a thinner sheet gage were used, or
if more "slop" were originally present at the hole. Hence, it can be
seen that in order to analyze joints in general, a large amount of
load-deflection data defining the fastener spring constants is needed.
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Such data are, apparently, not available in the literature at present.
This indicates a significant area of technology that needs to be
explord to provide the designer with practical data necessary for
joint analyses. Very likely, many data of this type are available
from various sources, but they are not, unfortunately, in published
form. Once determined, such data could be presented in compact
tabular form, eliminating the voluminous load-deflection curves.
That is, since the load-deflection curves are similar in form and
effect to typical material stress-strain curves,, it would appear to
be adva•tageous to use the Ramberg-Osgood approach for presenting such
fastener data. In this way the actual load-deflection curve for a
given fastener sheet combination could be expressed in terms of three
parameters, including the shape factor, n. Such a presentation has
actually been suggested in some detail in Reference (5) and suggests
using the initial slope, ea , the yield load, Py, nd a shape
"factor, n. This appears to merit consideration, since one table
could describe a multitude of practical test data.

For the present, since no sources of general load-deflection
data can be referenced, the designer or analyst must determine the
spring constants of the fasteners being considered, using whatever
data and means he has available. For the particular case of bolts in
double shear, References (6) and (W) present a method that will define
the bolt spring constant in the elastic range. A few fastener load-
deflection curves are also presented in Section VII for the specimens
tested in this program.

V.3 AXIAL MEMER SPRING CONSTANTS

In general it is suggested that these be calculated as
ADe ED

and A E5 es
S= L

where L = length of segment being used (normally the fastener spacing)

A = the average cross-sectional area of the element arbi-
trarily omitting 80% of the diameter of a fastener, in
computing this, as being ineffective area. The figure 80%
is arbitrary but is the amount used in the calculations
of this report. The closer the holes, the more this
figure approaches 100% of the fastener diameter. 80%
would be more likely to be reasonable for a very close
spacing, say 4D or less. The data of Section VII was
not sufficient to define this percentage.

E the tangent modulus (or Young's ModiAlus in the elastic
range)

This calculation is illustrated in Figure V.4.
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S...• : _ ... - C -s, '

Figure V.4 Effective Area of a Cross Section

If the fasteners have been grouped together, as discussed in

Section III, the length, L, is taken as the distance between the
centroid of the groups (see Figure III.9c). The area, Ae, however,
should be adjusted to reasonably account for the holes, as they
actually exist. The adjustment becomes even more arbitrary when the
successive holes are not in line.

v.4 FASTENER-HOLE CLEARANCE OR "SLOP"

In this report, the "slop", AC, at a fastened joint is
defined as the distance over which either sheet can move relative to
the other before the fastener bears upon both sheets. This is probably
easiest to define by considering the fastener to be fixed in space
and then determining the distances over which each sheet can move
before bearing upon the fastener. The "slop" wil2 then be the sum of
these movements. Referring to Figure V.5 it can be seen that

Figure V. 5 "Slop" at a Fastened Joint

for the direction of loading, Q, shown
a. The upper sheet, D, can move a distance "a" before it

bears on the fastener (which has the diameter DF).
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teb. The lower sheet, S, can move a distance, "c", before
bearing on the fastener.

c. Hence the slop at the joint isA c = a + c.

If the direction of loading were reversed,

a. The sheet D could move a distance, b
b. The sheet, S, could move a distance, d
c. The slop would then be

c b + d

Thus, it is seen that, in general, the slop depends not only upon the
geometry at the joint but also upon the direction of loading. As
will be seen later, in the more common case of concentric holes, the
direction of loading is not a factor.

A general expression defining the slop in terms of the fastener
diamet, hole diameters, hole eccentricities, and direction of loading
at the joint can be obtained from Figure V.6.

9A

.• • Figure V. 6 Slop at a Fastened Joint

•• DF = diameter of fastener

S~DD = diameter of hole in upper number, D

* DS = diameter of hole in lower number, S

•i • = cence.i 2llne of fastener or holes

SeD = distance which • of DD lies to the right of the
"----o2• the fastener .

eS= distanc~e which % of DS lies to the right of the
'•i of the fastener •. i
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a. For a "tension" loading, as shown in Figure V.6,

(1) Member D can move a distance DD/2 + eD - DF/2
before bearing on the fastener.

(2) Member S can move a distance DS/2 - eS - DF/2

before bearing on the fastener.

(3) Hence the slop is the sum of these distances, or

DD + DS
•c = 2 DF + (eD - es)

b. For a reversed loading, producing compressive stresses in
the sheets of Figure V.6,

(1) Member D can move a distance DD/2 - eD - DF/2
before bearing on the fastener.

(2) Member S can move a distance DS/2 + e5 - DF/2
before bearing on the fastener.

(3) Hence the slop is the sum of these distances, or

DD +DS _ DF - (eD - eS)

Thus, it is seen that in one case, tension, the term ( es) is
added and in the reversed case it is subtracted to obtain the total
slop.

In most practical cases the holes will be concentric, or
eD = e., and DD_+_DS__

DD +DS
2 DF

Thus, the slop is independent of the direction of loading. If, as
frequently occurs, D = DS (= Dhole) the slop is simply

AcD ole

c D hole D F

The amount of slop to be considered at a joint in &my specific
ctructure depends, of course, upon the specified type of fit, the
manufacturing and assembly methods and, hsace, upon the laws of pro-
bability. Thus the determination of the actual amount of slop to
be used (except for the salvage of inspected pieces of hardware)
is somewhat arbitrary and involves the 4Judgment of the engineer.
Hence, it is beyond the scope of this report. In general the
following guides are helpful:
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a. When a fazcener is "sloppy" those fasteners immediately
adjacent to it (on each side) pick up more load, than
when it is "tight".

b. Slop at the fasteners makes a doubler less efficient.
That is, the doubler picks up less load from the base
structure it is relieving.

c. The effect of slop at a fastener is much more pronounced
in "short members" having only a few fasteners (or rows
of fasteners) than in a long member having many fasteners
in the direction of the load. Splices are the most usual
cases of such "short" memb' s.

d. An analysis which includes the possible or the probable
slop is frequently helpful in establishing the type of
fit necessary for an assembly.

e. An analysis which includes the existirg slop in a specific
case is helpful in establishing the course of action
necessary in a salvage operation involving sloppy holes.

V.5 EFFECT OF FRICTION

Since in practical cases nearly all fasteners are installed
with some amount of "clamp-up", there will always be some accompany-
ing amount of friction force opposing the deflection. This effect
can be seen in the actual test data curves of Figures VII.9 and
VII.IO as line OA. However, this effect, the initial extra stiff-
ness, is removed in presenting the final load-deflection curves
(Figures M"I.11 through VII.17) as discussed in Section VII. Hence,
friction is ignored.
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{ SECTION VI

APPLICATION OF RESULTS OF ANALYSES TO THE OVERALL STRUClURE

VI.]1 INTRODUCTION

The methods of determining the internal load distributions in
splices and doublers are used to properly design such. installations.
Once installed, these members become an integral part of the overall
structure and will influence the distribution of internal loads not
only where they are located but also in other areas of the structure.
That is, the basic structure has been altered and it is sometimes
desirable, or necessary, to include this new effective area in a
revised general analysis.

VI.2 PROCEDJRE

This can be done for common engineering purposes by deter-
mining the "effective" areas of the doubler, or splice members, and
including these in any revised overall internal loads analysis. The
effective area of the doubler can then be taken (at any station) as

P
Aeff A actual X P

where
P = Load in doubler from the original analysis

(Section III or IV)

P = Load that would exist in doubler if it were fully
0 effective with the base structure, or

P = Applied Axial Load x A doubler Aa str. j0A doubler + Abase str. =%+ •/

Once the effective areas of the doubler are determined, the overall
structure can be re-analyzed using conventional methods of analysis.
In order to do this the doubler is assigned effective widths at
stations along its length that correspond to the effective areas
determined (i.e.,Wef= A / t). This effective member is then
assumed to be an inegral prt of the overall structure and future
analyses are carried out on this basis, using conventional methods.

VI. 3 APPLICATION OF THE RESULTS OF A DOUBLER ANALYSIS

Example

The doubler of Table III.l would be dealt with as illustrated
in Table VI.1 in establishing it as an effective integral part of the
base structure.
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TABLE VI.1

DETERMINATION OF THE EFFECTIVE AREA AND E-FFECTIVE WIDTH OF A DOUBLER

8T'-A. D ED tD ASES A DED APPL. P PD EFFECT. EFFECT. EFFECT.
+AE LOAD +A ADED AREA WIDTH

- ITABLE ATADTA TABLE + TABLE TABLE x
11.1 III. 11.1 111.1

1- 7 x 1O 6 -O6 ] x lO "6 X1 O-6 X1l.O"6

= 47 29 .lO 4.7 9.4 8,000 4,000 385 -"5 o16 .16
2 .0 " " " If" " 1,938 2.28 .079 .79
3 it It I" is It " 2,792 3.28 .113 1.13
4 It If I It I i " 3,234 3.80 .131 1.31
5 " " " " "3,416 4.01 .138 1.38

6 " " " " 3,398 3.99 .138 1.38
7 " " 3,176 3.73 .129 1.29
8 If" " " " i 2,675 3.14 .108 1.08

2 ii I" t I " It 1,722 2.03 .070 .70

The desired results, the effective area or the effective width of
the doubler, are shown in Columns @ and @ respectively, at the
stations listed.

Vi.4 APPLICATION OF THE RESULTS OF A SPLICE ANALYSIS

Example

The effective areas of the splice of Table 111.2 would be
determined in a manner similar to that used for the doubler. The
calculations are shown in Table VI.2. The effective area
(and width) of both splice members (S and D) are determined. These
would then, in any future analyses of the whole structure, be con-
sidered as one integral number.
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VI.5 ECCENTRIC DOUBLER INSTALLATIONS

Another type of problem involving the effective area of a
doubler would occur when an external doubler is attached over a
stringer-skin element. In this case the eccentricity of the (single)
doubler would affect the stress level and it could result in signifi-
cant bending stresses being present due to the installation. Such
stresses could be quite important if either fatigue life or compres-
sive strength were the reason for adding the doubler. That is, in
the fatigue case the bending stresses due to the eccentricity might
need to be accounted for, and in the compressive strength case the
beam-column effect due to the eccentricity should always be considered.

For common engineering purposes, a method of accounting for
the effect of the single (or "eccentric") doubler would be as follows:

a. As discussed previously, (Table VI.I) determine the
effective area distribution of the doubler and consider
this to be integral with the base structures (the stringer-
skin element).

b. Determine the centroid distribution of this integral unit.
(This centroid will not coincide with that of the original
skin stringer element.) These centroids establish the
neutral axis of the integral unit.

c. Carry out a conventional analysis of the effective
structure which now has a "bent shape" for the neutral
axis of the integral unit (members attached to the doubler).
In this analysis

(1) There will be an "initial" bending moment, P •
where P is the axial load and ex is the distance
between the centroid line and the load line at any
station x. (The centroid line is obtained by con-
sidering only the effective area of the doubler
together with the actual base structure.)

(2) The moment of inertia of the cross section, however,
will include all of the doubler cross section (not
just the effective area, which is used only in deter-
mining ex in (1) above). That is, the usual engin-
eering bending theory is assumed to apply for the
calculations involving bending.

(3) The actual analysis (a beam-column analysis, or a
beam in tension analysis) will then be an iterative
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procedure* beginning with the applied axial load P

and the initial bending moments, at any station, x,
given by

Mx

As in all such analyses, it is necessary to consider
some of the structure beyond the members attached to
the doubler, but this depends upon the analyst's
,Judgment and the degree of accuracy required. The
results give the final bending moments, M', along
the members, enabling the total stresses

f P +M'cIA
to be calculated. The fatigue life, the yield strength
or the ultimate strength can then be assessed.

vI.6 ECCEnTRC (SINGLE LAP) SPLICE INSTALLATIONS

The remdrks of Article VI.5 above would also apply to a
single lap splice installation.

* Since the effective members are tapered, E1 is not constant and

hence the standard formulas for beam-columns (with either compres-
sive or tensile axial loads) do not apply. Hence, either "average"
constant El values must be assumed for solution by formulas, or
else an iterative (numerical) procedure must be used to determine
the final bending moments. A practical engineering method for such
numerical beam-column analyses is presented and illustrated in
Reference (10).
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SECTION VII

TEST PRO(RM

VII.I1 INROIJCTIOt

In order to accomplish the purposes of this report, the test
program described below was conducted. Since there is such a large
number of suitable types and sizes of fasteners, sheet gages, hole
clearances, etc., the test program was generally limited to one repre-
sentative fastener for the various assembly tests. The protruding
head Hi-Lok Pin was used since it is a widely used, stiff and perma-
nent type. The tests and test specimens are of two general types,
assembly tests and element tests. The assembly tests were conducted
to verify the methods of analyses. The element tests were conducted
to obtain specific data necessary for the predictive analyses of the
assemblies tested.

VII.2 ASSEMBLY TESTS AND SPECIMENS

The purpose of the Assembly Tests was to verify experimentally
the methods of analysis. In these tests doubler and splice assemblies
were loaded in a tension test machine and the distributions of interml
loads were obtained by using photostress plastic' and methods. There
were two types of Assembly Tests.

a. Doubler Assembly Tests

b. Splice Assembly Tests

Fifteen assembly tests were made using specimens having 5/32" diameter
Hi-Lok (HLI870) Fasteners of the protruding head type. Three tests
involved specimens having 1/4" bolts and two tests were made using
spotwelded doubler assemblies. 7075-T6 Al. alloy sheet materialwas
used in all Assembly Test Specimens.

VII.3 DOUBLER ASSEMBLY SPECIMENS

Details of these are shown in Figures VII.l through VII.A.
There are 13 specimens. Except where noted otherwise, the fasteners
were 5/32" Hi-Lok 1870 and the holes were reamed for a sliding fit
(no "slop"). Photostress plastic was applied to the outer surface of
each member of single lap specimens and to the outer surface of one
of the outside members of all sandwich specimens except when it was
applied to the outer surface of both outside members.

a. Specimen I-A.l

(1) This specimen is as sketched in Figure VII.l except
that there were only 10 fasteners, spaced at 2 inches.
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(2) The purpose was to verify the methods of analysis
using a uniform specimen and a wide fastener spacing.

b. Specimen I-A2

(1) This specimen was as sketched in Figure VII.l.

(2) The purpose was the same as for I-Al, using a closer
fastener spacing.

c. Specimen I-B1

(1) This specimen was identical to I-A2 except that there
were two doublers (a "sandwich").

(2) The purpose was

(a) The same as I-Al and

(b) To reduce the effects of eccentricity.

d. Specimen I-B2

(1) This specimen was the same one as I-B1 except that
the second and third fastener holes at one end only
were reamed 0.005" oversize for this test.

(2) The purpose was

(a) To illustrate the effect of hole clearance ("slop")
and the method of accounting for it.

(b) To verify the method of analysis using an unsym-
metrical specimen.

e. Specimen I-C

(1) This specimen was as sketched in Figure VII.ý.

(2) The purpose was to verify the method for a tapered
member and for a specimen having multi-fastener rows.

f. Specimen I-Dl

(1) This specimen was identical to I-C except that there
were two doublers (a sandwich).

(2) The purpose was to reduce the effects of eccentricity.

g. Specimen I-D2 (I-Dl re-used)

(1) This was the same as specimen I-D1 except that the 7th
and 9th rows of fasteners (from both ends) were not
installed.
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(2) The purpose was to illustrate that fewer (and, hence,
smaller) fasteners can be used near the center with
little effect on internal loads.

h. Specimen I-E

(1) This specimen was as sketched in Figure VII.3.

(2) The purpose was to show the effect of a "wide" base
structure, to verify the method of analysis, and to
define the fastener load diffusion rate into the base
structure.

i. Specimen I-F

(1) This specimen is as sketched in Figure VII.4, a
"stacked" doubler.

(2) The purpose is to evaluate the suggested method of

analyzing such cases.

1. Specimen I-G1

(1) This specimen is identicdl to I-A2 except that spot-
welds are used instead of HL 1870 Rivets.

(2) The purpose is to verify the applicability of the
analyses to spotwelded assemblies.

k. Specimen I-G2

(1) This specimen is identical to I-BI except that spot-
welds are used Lnstead of UL 1870 Rivets.

(2) The purpose is to reduce the effects of eccentricity.

1. Specimen I-H1

This specimen is similar in design and purpose to
Specimen I-Bl, but 1/4" NAS Bolts and AN 320 Nuts
(fingertight) were used instead of the HL 1870 Rivets.

m. Specimen I-H2

This specimen is similar in design and purpose to
Specimen I-B2, but 1/4" NAS Bolts and AN 320 Nuts
(fingertight) were used instead of the HL 1870 Rivets.
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VIIT. SPLICE ASSEMBLY TEST SPECIMES

Details of these are sLown in Figures VII.5 --- VII.7. There
are seven specimens. Except where noted otherwise the fasteners were

5/32" HL 1870 and the holes were reamed for a sliding fit (no "slop").
Photostress plastic was. applied in the same manner as for the doubler
assembly specimens.

a. Specimen, II-Al

(1) This specimen is as sketched in Figure VII.5 tzcept
that there are six fasteners at a 2 inch spacing.

(2) The purpose is to verify the methods of analysis.

b. Specimen II-A2

This specimen is the same one as for II-Al except that
there are 12 fasteners at a 1" spacing.

c. Specimen II-BI

(1) This specimen is as illustrated in Figure VII.5,
a sandwich.

(2) The purpose is to reduce the eccentricities present
in II-A2.

d. Specimen II-B2

(1) This specimen is the same as II-B1 except that the
second and third fastener holes at one end only were
reamed 0.005" oversize.

(2) The purpose is to illustrate the effect of fastener-
hole clearance and also an unsymmetrical case.

e. Specimen Il-Cl

(1) This specimen is as illustrated in Figure VII.6.

(2) The purpose is to verify the method for a taperad
member and also for a case involving multi-fastener
rows.

f. Specimen II-C2

(1) This specimen is identical to 11-Cl except that it
is a sanewich.

(2) The purpose is to reduce the eccentricities present

in II-Cl.
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g. Specimen II-D

(i) This specimen is as illustrated in Figure VII.7.
The AN 320 Nuts are installed fingertight.

(2) The purpose is to illustrate a "short splice"
without clamping friction.

1
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vII.5 INDIVIlIJAL (ELMM) TEST SPECDMNS

In order to obtain the specific data necessary for predicting
the internal loads in the various test assemblies, the following
element tests were required. Most of these were for the purpose of
obtaining the load-deflecticn curves (fastener spring constants) for
the selected sheet thickness and fastener hole sizes. These tests
were made using the same type of specimen (and test) that is conven-
tionally used at Vought Aeronautics Divi:.ion to obtain fastener-sheet
load-deflection data. It has been found previously that three specimens
of any fastener-sheet combination must be tested to obtain sufficient
data to define the relationship accurately. The specimens of this
type are referred to as Type III and are described below. All sheet
nmaterial was 7075-T6 aluminum alloy. All HL 1870 Fasteners are 5/32"
diameter.

a. Specimen III-Al

One HL 1870 Rivet fastening two 0.072" sheets, hole reamed
for sliding fit.

b. Specimen III-A2

one & 18T0 Rivet fastening two 0.102" Iheets.

c. Specime n IIv-A S

One HL 1870 Rivet fastening a 0.102" and a 0.072': sheet.

d. Specimen III-Al

One HL 1870 Rivet fastening a sandwich of two 0.!72 sheets
and one 0.102 sheet.

e. Specimen III-Bl through III-B4

Same as III-Al through III-A4 but holes reamed for 0.005"
clearance.

f. Specimens III-Cl through III-C4

Same as III-Al through III-Al but using NAS 464 and AN 364
Shear type Nuts (and washer) with nut fingertight.
(1/4" Bolts).

g. Specimens 111-Dl through III-D4

Same as III-Cl through III-C4 but with nuts torqued to

35 in/lbs.
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h. Specimen III-A5

One hM 1870 Rivet fastening a double sandwich of four
0.072" sheets and one 0.102 center sheet. The center
sheet is not loaded.

i. Specimen III-El through III-EA

Same as III-Cl through III-C4 but with holes reamed for
0.005" clearance.

J. Specimens III-fL through III-FA

Same as III-El through III-E4 but wuth nuts torqued to
35 in/lbs.

k. Specimen III-G

Same as III-Al but using spotwelds instead of HL 1870
Rivets.

1. Specimen III-H

I Same as III-A1 but using spotwelds instead of HL 1870
Rivets.

vxi.6 PHOTOSTRESS PLASTIC TEST SPECIMENS

These tests were made using photostress material, as shown in
Figure VII.8. The three pbotostress plastic specimens shown in Figure
VII.8 were tested.

10-0 0 / 0 a 8-b

A /0"

8 7"'"
C 3

Figure VII.8 Photostress Plastic Test Specimens
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The purpose of these tests was to help define

a. Rate at which the fastener load "diffuses" into the
sheet.

b. The "dead" area between the holes (as a percent of the
fastener diameter).

VII.T TESTING PROCEDqRES

-a. Load-Deflection Tests

Each of the specimens of Type III was mounted in a
suitable tension testing machine and load-deflection
data was obtained using an autographic recorder.
(Figures VI.9and VII.10 show typical results.)

b, Doubler and Splice Assembly Specimen Tests

Each of the specimens of Types I and II was mounted in a
suitable tension testing machine and loaded successively
to the three values specified in Table VII.l. Each load
was released-before proceeding to the subsequent one.
Color photographs of the photostress plastic strain
distribution were obtained for each loaded and unloaded
condition.

TABLE VII.1

TEST LOADS FOR ASSEMBLY SPECIMENS

S IAPPLEffTEST' IoD SPECIMEN APPLIED TEST LOAD
SPECIMEN -l n-- SP02E
I-Al 7 110M~ '= -Al 393M 111,910
I-A2 9.210 14,150 18,000 II-A2 4,800 8,150 12,000
I-B1 6p,,760 12,300 18000 II-BI 4,530 8,224 12,000
I-B2 5,670 1,24o 18,000 II-B2 3,790 7,525 12,000
I-C 8,660 13,290 18,0OO II-Cl 5,(20 9,320 18,000
I-Dl 6,54o 11;87o 18,000 II-C2 5,555 10,039 18,000
I-D2 6,520 l1,890 18,0OO II-D 2,655 6,021
I-Y 18,950 34,517 60,000
I-F 12,400 18,000 --
I-G1 3,802 7,000 13,550
I-M2 3,640 7,330 15,890
I-H. 6,280 14,r,-20 18,o.000
X-H2 5,190 13,9490 18.00O
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Then, using photostress analysis methods, the internal
loads at selected stations were determined for all spec-

Simens. The results are presented in Table VII.2 together
with the "predicted" loads for the purposes of comparison.
Pictures of some typical photostress plastic strain
distributions are shown in Figures VII.19, VII.20, andI
VII, 21.

c. The photostress plastic specimens of Figure VII.8 were
tested as follows:

(1) Each specimen having only the end holes drilled was
mounted in a loading apparatus. A tensile load, P,
was then applied of sufficient magnitude to obtain
a well-defined color photograph of the resulting
strain distribution in the specimen.

(2) Step (1) was repeated for a compressive load, -P.

(3) Step (1) was repeated after drilling the additional
holes in the specimen.

(4) Step (3) was repeated for a compressive load, P.

(5) Equal tensile loads, P, were then applied at the two
holes at each end (4 loads, P) and a color photograph
of the resulting strain distribution was obtained.

A typical photograph is shown In Figure VI.I. 18.

VII. 8 TEST RESULTS

a. Load-D~flection Tests

Some typical load-deflection curxnes, as obtained directly
from the autographic recorders, are presented in Figures
V1I1.9 and VII.lO. Although all tests were carried to
failure, the deflections at these points were beyond the
limits of the recorder. In Figure VII.9 OA shows the
initial stiffness due to friction, AB shows a slight slip
when friction is overcome, and BC shows the steady linear
rise to C where the applied load is reduced. The specimen
then unloads at a faster rate, CD, thaxu it loaded up,
BC. (An initial loading of about 50 pounds is held on
the test machine.) Then, as the loading is increased, DE
shows the action in "returning" to the basic curve of
which EF is a continuation. Similar action continues
from point F on until P is obtained. Thus, it is

Max.
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seen that the "loops" CED, FGH, and IJK represent a
hysteresis effect always present, even at low load
levels in the initial linear range. TMe average slope
of the linear portion (the "sides:') of these loops is
referred to as the secondary spring constant, k'o, and
this is seen to be larger than the initial (linear)
spring constant, kt. Actually, k'o is largest when
obtained well out in the plastic range, but most of the
increase (k' 0 - ko) is obtained early in the region of
the initially linear portion of the load-deflective
curve. The values of k'o reported are obtained from
"loops" that are somewhat past the "knee" of the load-
deflection curve. As can be seen from Figure VII.lO
(and also in later figures), k'o is only slightly
affected (reduced) by slop. Although k'o may be as much
as 50% larger than ko for certain combinations, this
value is not usually presented in reporting fastener-sheet
load-deflection results. However, using ko in determin-
ing residual loads does not, fortunately, result in
significantly large errors and this usage is suggested
when k'o is unknown.

The solid curve of Figure VII.l0 shows what happens when
a specimen, III-Al, is manufactured with a slop of approxi-
mately 0.005 inches. There is the initial friction OA,
the slipping AB, and a transition, BC, to the basic curve
CD. From C on the action is similar to that
of a specimen having no initial slop. 'The dashed curve
is for a different specimen. Here the slipping MB' i;
more as would be expected (about 0.005"). This is fol-
lowed by a steeper transition, B'C') to the basic curve
CD. Actually the two curves shown represent the extremes
in the region ABC for specimens having 0.0-$ initial
slop.

Figures VII.ll through VII.17 present the "final" load-
deflection curves for the various types of joints tested.
Each of these has been obtained as follows:

(1) The outer envelope, KIHFECA, as in Figure VII.9, was
"smoothed out" for three similar specimens tested.
The portion CA was extrapolated to intersect the
abscissa (at a point to the left of zero), thereby
climinating the friction effect. This extrapolation
established a new origin for the curve.

(2) The results of this procedure for the three specimens
wcre averaged to obtain the "final" load-deflection
curve for the joint.
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Th.s procedure can be seen by comparing the "final" curve
for specimen III-A, (Figure VII.11) with one of the test
curves for III-A, (Figure VII.9).

For the cases of specimens having slop, the same procedure was
used except that, as in Figure VII.lO, the portion DC or D'C'
was extrapolated to intersect the abscissa (to the right of
zero). This procedure thus establishes a new origin and
removes the "slop". (The slop is then considered separately
as discussed in Section III.) The results of this procedu'ei
can be seen by comparing the test results for specimen 111-131
and IZI-B3 (Figure VII.IO) with the "final" load-deflection
curves presented in Figure MI.12. The "final" curves of
Figure VII.12 are thus for such joints after the applied loads
are large enough to "close up" any initial slop in the actual
stractural assembly, and they are, specifically, for the 0.005"
initial slop in these tests.

An alternate method of considering the slop effect would be, in
Figure VII.l0, to -,imply draw a straight line from 0 to C, or
to C1. This would result in a load-deflection curve having an
unchanged origin, OCD etc., but it could not be used with the
simpler analysis of Articles 111.2 and 111.3 (for the elastic
range). That isthe superposition approach of Article II16
would always be reauired because of this initial small slope
of the curve. Actually, in practice, there will seldom., if
ever, be available any specific load-deflection curves of this
type. That is, only the load-deflection curves for "tight"
.ioints can. be expected, and even these are not at present

,nerally available for many fasteners. Hence, in most cases,
the analyst must use these curves and consider the slop as dis-
cussed in Section III.

The "final" load-deflection curves derived from the load-
deflection tests are presented in Figures VII.11 through VII.17.
Each of these curves has been obtained by averaging the load-
deflection data from the tests of three similar specimens. An
inspection of these results shows how some of the )arameters
such as sheet thickness, single and double lap, fastener size
(1/4" bolts and 5/32" rivets) clamp-up (bolt torque-up) and
"slop" affect the stiffness of the joint as discusser! inSection V. In the case of fasteners with slop, the 4lop has
been removed from the results as discussed previouý*ly. The
Maxirdum load for each specimen is also indicated. However,
this occurs at a large deflection (as does the maximum stress
in a typical ductile material stress-strai~n curve) that is
beyond the limits of the test machine plotting equipmient. For
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examle, P for the specimens of type M-A (Figure
VII.11) is esimated to have occurred at a deflection of
about 0.10" - 0.15", or at 3 to 4 times the deflection
range shown an the graph.

Not all of the fastener combinations tested were used in
the assembly test specimens (Types I and II) but have been
included in the test program to show the effects of the
various parameters. The results for specimens II-Al-A3,
III-Cl-C3 and III-Dl-D3 indicate the reasonableness of ob-
taiing ko for a joint of two different thicknesses as sug-
gested in Article V.2. They also show that the "secondary"
spring constant, k' 0o can be estimated in this mannez.

The results for the spotwelded sheet combinations, Figure
VII.17, show the joint to be of a brittle nature as would
be expected, There is no significant plasticity as in the
more "ductile" mechanically fastened joint. (However, if
the mechanical joint is critical in shear rather than bearing,
it becaues "brittle" like the spotweld.) Although the act-
ual spotweld load-deflection curve was used for predicting
the internal loadz, it would probably be sufficient to sim-
ply replace it with a straight line having the initial slope
and the nximum value of PAax. shown.

b. Doubler Assembly Tests

The results of these tests are presented in Table VII.2.
For purposes of comparison both the test loads and the
predicted loads are tabulated. The three (or four in some
eases) outer fastener loads at one end and the, maximum
load in the doubler are listed. The fastener loads were
obtained as the difference between the loads in the doubler
at muccessive stations midway between the fasteners. The
doohler loads at these stations are not listed but were
obteined at each station by

(1) determining the stress at five points across the
member by means of a photostress analysis. This
was actually done making a visual point analysis
while the specimen was strained in the test
rrAhine. However, the analysis can also be made
1fron the color photographs obtained.

(2) plotting these stress levels to establish a
curve showing the stress variation across the
member

(3) Integrating this curve to obtain the total load
in the member at the selected station. This load
is., therefore, based upon the stress in the oatt
surface of the member and includes any bending
stresses present. It does not separate the
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(4 bending stresses.* For illustrative
purposes the predicted residual loads are
also listed. These are small except where
significant yielding has occurred at the
larger applied loads. The test values of
the residual loads, where significant, were
also estimated from the color photographs.

In order to demonstrate the effect of using k'Fo, the
secondary fastener spring constant, upon the

residual load, the residual loads were also calculated
using this value for some cases. These cases are for
the largest value of the applied Inad only. Hence, ia
Table VII.2 where two sets of valueae are shown for the
largest applied load, the last is for V It is
seen that, for these fasteners, very Fo little
difference in residual loads is predicted from that
obtained when ki is used.

FO

The predicted loads listed werz obta'.ned from the
computer routines presented. Vin -vredicted loads
shown for Specimen M were not made using the
suggested diffusion method; bence, they would be
expected to be somewhat larger than the test results.

By comparing the tabulated test and predicted values
the following can be seen.

(1) The largest value of fastener load is seen
to occur at the end fastener, as predicted,
in nearly all cases. The magnitude of this
load is in reasonably close agreement with
the predicted value, in general.

(2) The maximum load developed in the doubler
is in general, fairly close to the predicted
value,. The variations are both above and
below the predicted values for various
specimens.

(3) The values of the fastener loads are seen to
be consecutively smaller in the second and
third fasteners of the various specimens, in
general. There is considerably less agreement
between the test and the predicted values in
these cases, however.

* Although it is not believed that the bending stresses are large,
they would be more significant in the cases of single lap specimens.
An analysis as suggested in Article VI-5o would be helpful, but
was not carried out. Ii
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There is one major lactor that affects the test
results, the initial slop. Although care was
taken so that a sliding fit could be obtained by
careful reaming of the holes, it is apparent that
some significant slop in present in some of the
holes. In general, when a hole ia "sloppy" a
lesser load will be developed there, and the
fasteners adjacent to it will be loaded more than
when the hole is "tight". In addition, somewhat
lees load will then be developed in the doubler
than when no significant slop is present. Therefore*,
v hen a fastener has a considerably larger load than
predicted it indicates that a hole near it is probably
somewhat "oversize" and the fastener in that hole
would be expected to develop less load than predicted.
In Table VII.2 the results indicate some significant
slop to be present for example, in Spec. I-Al,
fastener #1 & 2, Spec. I-A2, fastener #2, Spec. I-Bl,
fastener #1 and Spec I-D2 fastener #1,2,&3. In the
wide base structure test, Spec. I-E, some significant
slop appears to be present at fasteners #2 and #3.

Friction is -nother item affecting results. In
general, since it is neglected, it would be expected
that the actual (tent) loads in the doubler would be
scamwhat larger than the predicted values. Hence,
it should comensate smewhat for smal amounts of
slop.

Although the tests results vary more than
would be desired from the predicted loads, it is believed
that they do substantiate the suggested methods of
analysis.

c. Splice Assembly Tests

The results of these tests are presented in Table VII.3.
For purposes of comparison, the predicted loads are also
tabulated. In this case the three (or four) fastener
loads at one end are listed. The fastener loads were
obtained from the test data in the same manner as
described previously for the doubler assembly specimens.
The same remarks concerning the factors affecting the
doubler fastener loads also apply to the fastener loads
in the splice assemblies. In general the agreement
between the test and predicted values was not as good as
for the doubler asserorly specimens. However, the large
loads at the end fastener(s) can be clearly seen, and
it is believed that the results do substantiate the
suggested methods of analysis for the case of splices.
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d. Further Notes on Tests

Since, in general, a small amount of slop appeared to
be present in many of the specimens, a calculation of
the internal loads in Specimen I-A2 was made arbit-
rarily assuming that fastener #1 was "tight" but that
every other (alternate) fastener had .002" slop. That
is, half of the fasteners had .002" slop. The
resulting predictions showed that

(1) at the applied load Q = 14,152# P1 would be
about 160# larger, P 70# smaller and P
about 130# larger. ýhus, a moderate amount
of slop can significantly affect the test
results, as far as comparisons with predicted
losa- values are concerned.

(2) at the higher value, Q = 18,000#, there are
smaller predicted differences since the slop
is less significant.

131



Specimen B
(+P)
(a)

Specimen B
(+p)
(b)

"Specimen Cj (+P)
(c)

Figure VII.18. Strain Distribution in Photostress Plastic Specimens
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SECTION VIII

PRACTICAL APPLICATIONS

VIII. 1 INTRODUCTION

The general reasons for which a doubler or a splice
installation and analysis might be necessary have been discussed in
Section I. As listed there, these include the purposes of improving
strength, stiffness and fatigue life necessitated by reasons
involving design, service useage or salvage and repair. The
purpose of this section is to illustrate some main design points
and possible installations, including a suggested general procedure
for designing a doubler.

In general, the design of a doubler will have the
following basic requirements:

a. Be of such a configuration as to "pick-up" enough
load either to properly relieve the base structure,
or to stiffen it as required. The am6unt of load
to be picked-up by the doubler must be defined
before the doubler design and analysis can be
commenced.

b. Accomplish this function without overloading any
of the fasteners attaching it. That is, each
fastener will have some maximum load that must
not be exceeded, established by either a yielding
or strength or fatigue consideration. These 4

maximum loads for the fasteners are referred to
as the fastener "allowable" loads and are of three
principal types

(1) The fastener load that produces yielding of
the fastener-sheet combination. The
definition of yielding -is presented in
Reference (9) along with specific values
for numerous fastener-sheet combinations.

(2) The fastener load that produces static
failure of the joint. These loads are
presented in Reference (9) for numerous
fastener-sheet combinations.

(3) The fastener load that produces such a
bearing stress on either sheet as to begin
to reduce the fatigue life of the sheet
below its required amount. Or, stated
another way, the fastener load that
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produces the maximum bearing stress on
either sheet that is permissable from the
standpoint of the required fatigue life
of the sheet. This bearing stress should
include any "peaking" effects at the edges
of the sheet. These peaking effects will
be larger in the case of single shear joints
than for double: shear joints.

This fatigue consideration may be quite important in the
design of doublers and splices. As ig well known, available data
(Reference 8) shows that the fatigue life of an axially loaded member
is a function not only of the tension stress, ft. but also of the
bearing stress, fI', in any loaded hole in the member. The larger
the ratio4/4, 1 e shorter becomes the fatigue life for
repetitive cycles of the loading. Reference 8 shows, for example,
that for tba case of an applied loading (producing 4 and4,)
cycling between Aw, = 0 and- = 47,000,the fatigue life for
7075-T6 Alc. sheet will decre!se'1rom 100 cycles when Y,1,4 0
to 2400 cycles when.4At = 47,000 This is, of coure.,
a most significant reduction in fatigue life. Although the data
of Reference 8 is for a bearing stress distribution corresponding
to a double shear application (obtained by using a pin for applying
the bearing loads) it appears to be "useable" for typical single
shear applications where some clamp-up is present. Typical
examples would be driven rivets or torqued nut installations.
Therefore, it is important to consider these possible harmful
effects of large fastener loads when a doubler or splice is
designed.

In the case of a splice the same basic requirements would
be present, except that the load to be transferred is all that-must
be defined, in VIII.la.

VIII.2 GENERAL GUIDES FOR DOUBLER DESIGN

The design of a doubler installation is, thus, a tailoring
process to satisfy these requirements. The doubler's planform and
thickness profiles and the types and numbers of fasteners are the
main variables. Space limitations are also a frequent factor. The
designing is essentially a "cut-and-try" procedure, using the following
general guides.

a. To increase the load picked up by the doubler

(1) increase the doubler planform width
(2) increase the doubler thickness
(3) increase the length of the doubler
(4) increase the number of fasteners
(5) increase the size of fasteners
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(6) use stiffer fasteners (material change)
(7) use stiffer doubler material

b. To reduce the "peaking effect", that is the large
fastener loads developed at the ends of the doubler

(1) taper the doubler planform
(2) taper the doubler thickness
(3) use a narrower doubler width at the end.
(4) use more flexible (or smaller) fasteners

at the ends

Sc. In order to insure all fasteners loading up
efficiently, and also more consistent results,
the doubler should be installed (ideally) using

close tolerance or reamed holes when non-hole filling
fasteners are used. In most practical cases,
fasteners of this type will be used since the
stiffer steel fasteners are much more efficient in
"picking-up" load. In instances where this cannot
be done the effects of any possible "slop" should
be considered by including this in the analysis.

An inspection of the predicted loads for the various assemblies
of Table VII.2 reveals how changing some of these parameters affects
the distribution of fastener loads and the load deve!cped in the
doubler or splice members.

VIII.3 GENERAL GUIDES FOR SPLICE DESIGN

The main effort is to keep the length of the splice as
short as possible. Within this limit the "peaking effect" can be
dealt with as outlined in VIII.2b previously. The comments in
VIII.2c also apply to splices.

VIII.4 GENERAL PROCEDURE FOR DESIGNING A DOUBLER

The following steps would normally be taken in designing
a doubler installation.

a. Define the general area of the base structure that
requires reinforcing. This will determine whether
the analysis must be made for all of the base
structure (a conventional analysis) or for only a
part of the base structure (a "rwide base structure" ,

analysis) which is somewhat more laborious. Two
such cases are illustrated in FVgure VIII.l which
shows the need for a doubler on the lower (tension) ( ,
skin at the root of a swept wing (a) and (b) and on
a straight wing, (c).
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SFigure VIII.I Doubler Installation On A Wing Skin

In (a) the internal structural arrangement and the
loads are such that a reinforcement of the skin is

S~necessary only locally, within a few inches of the
point A. Hence, the doubler is local on the skin
and the "wide base structure" analysis is applicable.

In (b), and in (c), the situation is such that a

doubler is required along the entire root chord, AB,
• ,/, and. also across the entire root section, Hence a set of

, ,//doublers, or a sijige "finger" doubler arrangement is
required.. Such a doubler is the same as several sepa-

" ~rate c-aes but made aa an integral unit. The fingers may
-" ~be .required instead of a single edge in order to keep •"t load from building up too rapidly ("peaking") at the

S~ends of the doubler, That is, the amount of taper that

can be put in thicknesswise will usually not be enough
in itself to reduce this peaking sufficient? In Cases
(b) and (a) the wide base structure analysi .s not
required.

(b) Sketch in a doubler over the critical area
to be reinforced and extend it beyond this -
area in order to pick up the load that is1
to be kept out of the critical area., as in
Figure VIII.2.

1 2
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"Figure VIII.2 A Preliminary Doubler Installation

c. Obtain a first guess for the required size of the
doubler in the critical area (View A-A) os follows:

(1) Assuming the doubler to be, say, 90%
efficient in picking up the required
load, the load in the doubler at" the
critical section will then be given
as

(2) The required value Tor P is known, since
this is the amount by which the doubler
must relieve the base structure. Also
the values W., t, E_ ad E, are known.
Hence the required area of-the doubler,
WDtD, can be initially estimated as

W should be about as wide as the base
sRructure~but it could be made smaller

*This is for the case of narrow base structures. For wide
base structures the dpubler width in, of course, much
smaller as in Fig. VIXI.la.
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particularly if the resulting thickness,
.t, is judged to be too thin. However,

thinner the doubler the less the
eccentricities involved (smaller secondary
bending moments) and the better is the
structural system in this respect.

d. Next a value for L must be assigned. This should be
as short as possible from weight consideration, but
must be enough to pick up the required load P and

still not generate too great loads at the ends. (as
discussed in Art. VIII.l). This can be deter-
mined accurately only by a "cut and try" procedure,
but as a first guess L can be taken as about 5
times W.

e. A tapered planform for the doubler can then be
s!': ched in, wide enough at the ends to pick up

Scv., fastener. (The end fastener load can be
initially guessed at using the suggested formula

Sf nin Article 111.2, to estimate the required size of
* fastener.)

f. An array of fasteners can then be located as shown
in Figure VIII.2. In order to pick up load efficiently
the fastener-s5heet combination must have a reasonably
stiff joint spring constant, kF. This usually means
that steel fasteners are required. However, if
aluminum fasteners are used the diameter should be
large enough that the joint is critical in bearing,
not in shear, to insure a ductile joint rather than
P brittle one. In any event the load-deflection
"•haracteristics for the fasteners selected must be
available.

g. An analysis can now be made as discussed in Section III
to determine the internal loads. In most practical
cases the simple analysis of Art. 111.2, and Table
II1.1 is adequate. The resulting internal loads must
be such that

(1) The resulting load (or stress) in the base
structure is reduced to a satisfactory
magnitude to satisfy any strength, stiffness
or fatigue rquirements.

(2) The load in the doubler is satisfactory. That
is, the stress levels in the doubler (and,
hencej the values of Et used for the doubler
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element spring constant determinations)
are consintent with what was assumed in theanalysis, normally elastic stress levels.

(3) The local bearing stresses due to the fastener
loads are low enough so as not to fail to meet I
the fatigue life requirements when the base
structure and the doubler are in tension.

h. If the load in the base structure is not found to be
sufficiently reduced (doubler load is not large
enough) some or all of the steps in Article VIII.2
are required. Opposite steps are, of course, taken
if the doubler load is found to be larger than
necessary, to keep the weight down.

i. If the peaking effect at the ends is too large a
reshaping in this vicinity is required as sketched
in Figure VIII.3. The initially guessed shape is
shown as the dashed lines. The final shape (arrived
at by "cut and try") is shown by the solid lines.
Note that the ends may be tapered in thickness to keep
the end fastener loads small enough.

IoI,.._- •_.. 00 0 0 o 0_•--- ...

"" -- -- • C ~0 0o o 0 0 °•.••' -

I Lr I

Figure VIII.3 A Tapered Doubler

Summarizing, the final doubler design is arrived at by
the "cut and try" procedure, using the previously outlined steps
and engineering judgement as a guide in making successive trials.
The final design must satisfy all strength, stiffness and fatigue
criteria for the structure. In most practical cases the usual
requirement of no significant yielding at limit load means a simple
elastic analysis (as in Table II.1 or 111.2). If each type of
joint is ductile (critical in ½.-aring) the design should then
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present no problems in carrying the ultimate load.* That is, a
plastic analysis at the ultimat.e load factor should not usually
be necessary in such cases, but it can be made as suggested in
this report. Any detrimental secondary effects should be
considered, as suggested in Article VI.5.

Some additional comments on this subject are included in
Appendix I.

The design of a splice would be approached in the same
manner when there are many rows of fasteners. That is, the thickness
profile would be tapered to keep the peaking effect as small as
necessary from any strength, yielding or fatigue considerations.

I

*When there are only a few fasteners present, which is the usual case
for splices, the plastic analysis for the ultimate load is more likely
to be necessary.
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APF~nD1 I

ADDITIONAL TOPICS AND METODS

AI. 1 INTRODUCTION

The purpose of this appendix is to present additional
methods, discussions and illustxative examples which, for purposes
of clarity, have not been incl')ded in the previous sections of the
report. The following topics, by article number, are included.

AI.2 "Short-Cuts" For Symmetrical Doubler and Splice
Installation.

AI.3 Accounting For The Effect of "Slop" and
Plasticity on Internal Loads.

AI.4 Accounting For the Effect of "Slop" and
Plasticity on Residual Loads.

AI.5 Accounting For "Slop" at One Or More

Fasteners In a 1bw or Group.

AI.6 Doublers on Wide Base Structures

AI.7 Doublers Reinforcing A Cut-Out

AI.2 SHORT-CUTS FOR SYMMETRICAL DOUBLERS AND SPLICES

When symmetry is present in both the structure and in the
applied loads it is not necessary to calculate all of the fastener
loads as in Table III.1 and 111.2. This can save considerable time
and chance for error in a hand analysis. The analyses can be
shortened as follows:

a. Structure having an even number of fasteners, N.

(1) Doubler Calculations

The two center fasteners, n = N/2 and
n = N1/2 + 1 must have equal and opposite
loads. Hence it is only necessary to
include N1/2 + 1 fasteners in the table
of calculations. The "error" in any
trial will then be

i' t>N/2 + P /2 + 1' or 2 `%/2 + 1

(2) Splice Calculations

Again, only N/2 + 1 fasteners need to

157

L

-k



be included. However, in this case
the two center fasteners must have
equal (but not opposite) loads.
Hence the "error" will be

1N/2 -N12 + 1 °r 1 2 "4/2-1

b. Structures having an odd number of fasteners, N.

(1) Doubler Calculations

Only (N+l)/2 fasteners need to be inclvied
in the analysis. The center fastener,
n = (N+l)/2 must have no load. Hence the
"error" will be P or +

N+1/2 '+1/2

(2) Splice Calculations

Only (N+3)/2 fasteners need to be included
in the analysis. The fasteners on each
side of the middle one, n = (N-l)/2 and
n = (N+3)/2 must have equal loads. Hence
the "error" will be P,.N ), - P(N+3)/2 or

(Rn-l)12 -"N+3)/2.

It should be remembered, however, that an unsymmetrical
distribution of "slop" destroys the symmetry of an otherwise
symmetrical structure. Sometimes, however, a structure which is
very nearly symmetrical is considered to be so in order to
facilitate a hand analysis and obtain quick estimates.

AI.3 ACCOUNTING FOR THE EFFECT OF "SLOP" AND PLASTICITY ON
INTERNAL LOADS

The analysis outlined in Article iII.6 does not (as
presented) include provision for the presence of "slop" at one or
more fasteners. However, this effect can be accounted for by a
simple addition to the procedure outlined in Article III.6 and
illustrated in Table 111.3. It is only necessary to include the
effect of "closing up" the slop by including the term A ( -S " SD)
at any fastener, n, subject to slop. The procedure then D n
accounts for the fact that until the slop is "closed-up" the
fastener is ineffective (or kFn 0).

Procedure (Carried out in a table similar to 111.3)

a. At any fastener having a specified slop,Ac, include
the term A(SS - SD in Col. Q The value of this
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is obtained from Col.®of the basic table
(Table III.1 or 111.2) for each unit solution.

b. Then in the analysis include the limiting effects
as these clearances are successively closed up
and the respective fasteners become effective.
That is, for the first increment, kF, = 0 but
when the value of A(S- S)_ n equals
the initial slop,,Ac , the fastener
becomes effective, k n 0, and another unit
solution is required?? for the next loading
increment.

c. The previous effects of limits due to nlasticity
(as in Table 111.3) are still present and are
considered just as before.

d. It is possible that in qome cases the initial
slop will not be completely closed up. This
would be most likely to occur at the "center
area" of a long doubler (or splice). The
following example illustrates the procedure.

Example Problem

Rework the example problem of Figure 11.11 assuming that
there is an initial slop of .005" at fastener #2, #4, #7 and #9.
Since the slop is symmetrical, only half of the structure needs to be
considered, as n the previous example.

The analysis is carried out in Appendix Table AI.I which is
similar to Table 111.3. Note, however, that provision is made in
Column 1 for the value of A(9S - 9D) at fastener #2 and #4.

a. the first unit solution is made assuming
k2 = k4 = 0 (=k 7 = k9 ) because of the slop.

b. the values of A(is - ) are entered in Col. ®
as obtained in (a).

c. the limiting values of .005", the initial slop,
are entered in Col.(3)for these terms. This
means that when any slop closes up a "new"
structure is present since that fastener
becomes effective.

d. Columnse -vare completed as indicated. It
is seen that the smallest limiting ratio is
due to the slop at fastener #2 closing up.
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e. the second unit solution is made having only
kF4 (and kFq) = 0 and columns&- a are

completed. The slop at fastener #4 (and #9)
is not yet closed, but fastener #1 goes
plastic, limiting this loading increment.

f. a third unit solution having kF = 103,300
1I.Land k.=0io md n Col. @ - are

completed. The limit for this increment is

due to the slop at fastener #4 finally
closing up.

g. a fourth unit solution is made for k =

103,300 and all other fasteners 1
having k. = 256,000. The limit here is the
allowable load for fastener #1 of 6450# (per
Figure II.llb). It is seen that this occurs
for an applied load of QL= 44,205#.=

The values of A(& - 4) are accumulated as shown in order to be
able to determine the residual loads after the applied load,

QL = 44205, is removed. This is discussed next.

AI.4 ACCOUNTING FOR THE EFFECT OF "SLOP" IN THE PLASTIC RANGE
ON RESIDUAL LOADS

;A In order to determine the residual loads the procedure
of superposition can be used but not as simply as in Article 11.7
where slop was not considered. In this case the loading to be
superposed on the results of Table AI.I must be arrived at as
follows, referring to Table AI.2.

a. To begin the "unloading" procedure, which uses the
applied load for later superposition, all
fasteners are effective (as indicated in Col.
of Table Alol. Hence a unit analysis is made for
an applied load of %. = 44205 and ki ---kF,
256,000, the elastic values. 1 5
The limiting values of A(6S - 6n are shown in
Col. ©2since, "working backwards , at these values
the fasteners will again become ineffective. These
values of A(Us - 6 D) are obtained by subtracting
the initial slop from the values in Col. @2 of
Table AI.1. It is seen that fastener #4 is the
limiting one, becoming ineffective before
fastener #2 does.

j160
I



b. A second unit solution is then made in whichF4- =0 (and, hence, Ph= 0). The limiting

4 14'F
value of ( is stil .01648" since
it has not ye 6 reachd this amost nt. The

limiting value of 1(7S -n6)4 is shown as
.00732", the initial siop, sifice this represents

a return to the original condition (before any
loading) The value .00732" is from Col.. @ Of

Table AI.1 . Actually, because of yielding, the
value of A 6S - D)n can never reach its limit A

frm o .9Col.(7)througli ©1 are
completed as shown, with fastener #2 now becoming
ineffective.

c. A third unit solution is made having k.2 kF4=0

The limits for both(s are
. of Table AI.I. The fiual results

are shown in Col. !

The residual loads are obtained by superposition,
subtracting the values of Col. IQ) Table AI.2 from those in
Col. 2• Table AI.I. It is seen-that because of yielding at
fastener #i, the "slop" at fastener #2 and #4 does not return
to its original value of .005", but remains partially closed-up.
Hence, any future analyses (having QL less than 44,205#, the
allowable amount in this structure) would start from this basis.
That is they would be simple elastic analyses made as in Table
III.1 or 111.2 but would have initial slop values included for
the fasteners #2 and #4 of the amount

c .2 00500 - .00298 = .00202" (=4 c9 )

= .00500 - .00oll4 .00386" (=41 9 )

The analysis would be made as in Table AI.l, the limits in Col.
( ® etc. being either these "net slop" values or the values of
Q applied. The results would then be added to the residual loads
to obtain the final values, just as in Table 111.7.
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AI.5 ACCOUNTING FOR SLOP AT ONE OR MDRE FASTENERS IN A ROW OR GROUP

In Article 111.5 and Figure 111.9 the grouping of several
fasteners in a row into a single larger effective fastener was discussed.
If one or more fasteners in a row (or in a group of several rows) is in
a "sloppy" hole and if the effect of this is to be evaluated, an
additional refinement is required. This uses the principle of super-
position of separate analyses as discussed elsewhere and illustrated
in Art III.6 and AI.3. The steps are as follows:

a. Assume the sloppy fasteners are "out" or ineffective.
Then determine the effective kF for the remaining
fasteners in the group and carry out a unit analysis
for the internal loads.

b. Determine the increment of applied loadAQ) required to close
up the first of any sloppy holes and let this fastener
be then considered as fully effective. This increment
is calculated as was done in Table AI.l

c. Repeat steps a. and b. until the sum of the increments
of the applied loading equal the true applied loading.
'Lie internal loads will be the sum of the various
increments of internal loads obtained in the
successive analyses (as in Table AI.I)

This can be quite an effort if there are numerous groups having
varying amounts of. slop within the group. 'In such cases it may be
more desirable to simply omit one or more such fasteners from the
entire group, assume the remaining ones to be "tight", and thereby
avoid the above tedious analysis. This requires some engineering
Judgement, but it can in many cases be an adequate approach.

Ai.6 DOUBLERS ON IDE BASE STRUCTURES

Such cases would arise where it is necessary to reinforce
a skin at a local (or small) area only. This could be due to local
structural or loading conditions or cut-outs as discussed in
Article AI.6. Such a case could also arise simply because an
unrelated member (bracketry) is attached to a skin.

The basic approach has been suggested in Article III .9

However, the results of the tests of the specimen of Figure VII.8
and of separate calculations for "shear-lag" show that it is more
reasonable to establish the individual diffusion lines as shown in

Figure AI.1 not as in Figure 111.15 or 111.16.
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Figure AI.1 Diffusion Lines For Practical Analysis Purposes

That is, as would be expected the dimension h appears to
be some function of the rivet diameter and the length L. This
function is not known and would need considerable experimental and
analytical work to be accurately defined. For purposes of
preliminary engineering design the value h = 6D (D = Fastener
Diameter) is arbitrarily suggested. The slope of the diffusion
lines would also need further experimental effort to be accurately
defined. However, the slope of 40 , or perhaps slightly less,
seems to be reasonable for arbitrarily defining the effective
width for preliminary design purposes. It should be remembered that
these arbitrary diffusion lines are being used not to define the
local stresses in the sheets, but rather to obtain a more realistic
estimate of the fastener loads. There are two consequences here:

a. If the diffusion lines are taken at too steep
a slope (a 90o angle is equivalent to
considering the base structure fully effective)
the fastener loads and the doubler load will be
over-estimated.

b. If the diffusion lines are at too shallow an
angle the fastener loads and the doubler load
will be underestimated.

It is believed that the assumptions of Figure AI.1 give a reasonable
compromise. The analyst can, of course, calculate "limiting" cases
for a and b above using a lesser slope, say 25 , in b. Then,
to be conservative, use a for checking out the doubler and the
bearing stresses on the base structure and b for checking out the base
structure in its critical area where load relief was originally required.

164

,I l

t -- . . . • -:- :.. :.__Jl=•::l•-___•_ -• ...... ......... ..... :=:£75.............. . . 2:.. ! 2 : 1



The predicted loads for Specimen I-E in Table VII.2 were
computed assuming all of the base structure to be effective. That
is, the suggested diffusion analysis was not made. Hence, it would
be expected that the resulting test values of fastener loads and
maximum doubler load would be smaller than the predicted values.
This is what is seen in the table except at the end fastener, #1,
where the test load is larger. It appears that this is partly due
to some slop in fastener #2, which makes the results somewhat less
clear as to the exact effect of the wide base structure and the
associated diffusion effects. However, the total load developed in
the doubler is seen to be considerably less in the test results than
is predicted by assuming all of the base structure to be effective.
This would be anticipated.

The suggested analysis for the case of wide base structures
is admittedly arbitrary and much data is needed for making it more
accurate, However, such structural arrangements do arise and the
designer needs some practical rational procedure for estimating the
internal loads for such cases. The suggested approach is made on
this basis.

Al.7 DOUBLERS REINFORCING A CUT-OUT FOR AXIAL STEN( CH ST1CWSS

It may be necessary to install a doubler to provide either
the strength or stiffness lost in a member because of the presence
of a cut-out. (This should not be confused with the reinforcing of
a hole from a shear strength or buckling consideration which is
another problem). TWo general cases are mentioned below. In either
case the suggestions of Article VIII.4 and AI.6 apply. In the first
case the doubler covers the hole. In the second case the doubler
also has the hole.

a. Doubler Covering the Hole

(1) The effective edge of the base structure
at the hole is arbitrarily defined by the
lines having a 40 slope as shown in
Figure AI.2b. These are drawn tangent
to the cut-out. The cross-hatched width
ig ineffective.

(2) The base structure is then defined by
these edges, (1) above, by the diffusion
lines shown, and by the outer edges of
the base structure if they lie within
the diffusion lines (See Art. III.
and viII.4)

(3) An analysis is then carried out to determine
the internal loads and the adequacy of the
doubler installation as discussed in Article
viii.4.
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(a)

Installation Of Doubler

(b)

Effective Base Structure

Figure AI.2 Solid Doubler Reinforcing A Cut-Out

b. Doubler Having The Cut-Out Also

(1) The base structure would be defined as
suggested previously.

(2) The effective edge of the doubler in the
area of the hole would be defined by the
40 lines as shown in Figure AI.2b. That
is, the effective edge of the doubler at
the hole would be defined in the same
manner as the base structure.

(3) The analysis would then be carried out
as described previously.
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APPENDIX II

REVEM LOADINGS

The methods discussed in this report and the specimens tested
have been for the case of loads applied in one direction only. The

practice, the loads may be in either direction.

The methods suggested should also be applicable for the case of'
successive applied loads that include load reversals. That is, both
tensile and compressive loads may be applied in random order. The
"bookkeeping" would be more involved, of course, for excursions into
the plastic range, particularly when slop is present. However, the
basic approach suggested in Appendix I, Article AI.3 could be used.
Under the usual circumstances of having no available experimental load-
deflection data for "compressive" joint loads, it would be necessary
to assume the compressive data to be identical to the tensile data.
This is sketched in Figure AII.I where (+) indicates tensile and (-)
indicates compressive loads.

/
_ __ _ / j

Figure AII.1 Load-Deflection Curve for Reversed Loadings

Under a reversed loading (+ to -), the action could be assumed
as follows:

167



1. Beginning at 0, the tensile load causes movement as
described by the line OA.

2. When this load is removed, the line AEI, is followed,
leaving a permanent set, Si"

3. When a ccapressive load is applied, the movement is assumed to be
along the line 61 B which has the same slope as the "compressive"
load deflection curve. Actually, it would be expected that this
would not occur but that there would be a~'transition region"'for
small values of load (-P) having a considerably lesser slope.
This could be defined only by tests and would probably 'be e.
fuiction of the specific fastener and sheet combination.

4, When the compressive load is removed the movement would be de-
fined by the line B4'2, to the permanent set E 2 etc.

In most practical applications either the tensile or the com-
pressive loadings would be dominant. That is, the reversed loading
would be smaller and would not extend into the reversed plastic range.
If it did a serious fatigue problem might be anticipated.

Thus, it is seen that attempting to account for the effects of
reversed loadings is a difficult task, requiring even more experimental
data that is not presently available. However, when the loads are in
the elastic range no significant permanent set is generated and only the
si*ler analyses as in Tables I11.l and 111.2 are necessary.

1

i
I

168



APPENDIX III

ADDITIONAL COMPUTER ROUTINES

AIII.1 INTRODUCTION

The purpose of this appendix is to present additional
routines that have been developed for specific installations. These
are described below.

AIII.2 SPLICE ROUTINE

This routine has been discussed in Section IV and is presented
in Figures AIII.1 through AIII.3.

AIII.3 STACKED DOUBLER ROUTINE

This routine applies only to an installation having one
extra (stacked) doubler. No provision is made to account for the
effect of slco or plasticity. The routine is presented in Figures AIII.4
through AIII.6.

AIII.4 STACKED SPLICE ROUTINE

This routine applies only to an installation having one extra
(stacked) splice membexe. No provision is made to account for the
effect of slop or plasticity. The routine is presented in Figures AIII.7
through AIII.9.
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- .--- C PLAS-TI~r SPLI CE

*.,r.-A.3 4At' -F!3RMAT 1W1 - Y,4HYT=#7-P

-q flflI 494 CnQMATft( WYJýF ~
5s.flFAA 44A FnPMAIIX,4 S=,9-l

-S n t -I EC ~AM AT( E- R 9 i5 F A 9 .2, EA - 5F I A , FOE5 EA 4.A OF7.n)

C.-.ll 457 Fn RNAMA I/tYx1,IA4rHC A ISEI Y 4 Nn - fI~ n Bdf~ i

S~fI.3'A .2" rnlRmAT/',/17t47FTR-rT FASTFNFR FATHIUF A~Jf Tf1Tai iraflI)
-%-Or]4 490 F n RM A I( 1101

S.-mg lA IR lQMATI;'F11 (j

q~nI 1~ FfAMAT16F~n-)

&d-nnl.2L.....AC7 FflRMAT(Flr-21
I f, FflAMAT(F4.. ,F4A.Fn,Fq(,FR-(I,F11a%,7FSn,F11AnI
1-2 FflAmAT(F7.ni

nftMFNSTflN X~n(qg3,XKS(99 ,xKnn (()(I XKSS(q 4X.LS-, JSq1
n-ll7fTMFNSTflN xiqlxlqXOqlXKoiX4(q,~

~-flI17R flMFNI;TfN XeKAtqqQ6, X4 t qlg ,xPFfcqq, ,xREgI X1)CI9I.XTQ(()90
-- s~n INTFrlFR X-.qT,7P,XMrtl,XTT,X.IM.)ORY-T.RLA

qAfljj Rf('5,141 X(KP
S or 3;)NNP=XKP

ý.#In*213NKP=i'
s~f~r, 14 --93 CrnNTTNIIF

RFAO(q,45C1 AA.Afi

Iq PQ4 t'RFAf)(5.14) PLA
~.Elfl41 FAfl(5,tRI X~Fn.XCFS ____________

RFAflf5,14) XN

Figure AII.1. Splice PrOgrAM
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S~rQ4 WI~TF(6.4511 AA
S. ^45 WRTTF(6.497) AB
S-CA46 bRITF(6.454) PEA
-q.flr47 WRrTF(6.455IXFQ
S.Pn4a WQTTF(6.456) XFS

kiRTTEFf,45?1 XN __________________________

S.V~51N=XN

5 52- 90 100 =IXON1,=1

_______ RIEA(56.l) (XL(!) ,xnT(1L.LkPjI.XLU(1).XTS(1).XWS(1).XS( 1).XRT.

IXNR C *xgruC( *N

PF&O(5913) XCP-
-_____IiRITF(6462) XOP

5, f161 po iq5 !=1.N
XKnU()=Xn)TtfTI*XWp~D(I*XF/XII(11
XK5(T)=bCTS(L)*XWS(T)*XFS/XtLi(!)

S."(15 XI S( T =XKS( II

S-flfl66 XKnflf(T)=XKnfl()
____________ XOKtT)=I tf

s (%6 Qg cnNTIN(JF__ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _

S . (''6 19XOT=XQP

S.(%nl GOTO 979

S~r^72 7' CONTINUEF
S.flfl73 )(01z-XT f)XQT/XYR*XQQK

S~r%74DO IA~55 I=I,N

S.(!^75XS -)Q1 L) =- XI K I

;.n(,77 In55 CONTINUF

S C~f79 YT=1.
S. A~n- I CONTINUE

RFAC5.t3)XKA 1.),XKA(1.2) .XKA( 193) .XKA(1,4htXKA(1.5)tXKA(1,61

S.00O82 IWRITE0#i46'0J

S.C~84 READ(5.?I )(XAL(T.t).XAL(I.2).XAL(I,3).IXAL(1v4)9XAL(Its3,XAL(1,6)-
I1=1 .N)

,,nngýWRTTF(6t4AI)

Rigure AIII.1~. Splice Program (Ccmtimitd)
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~~f~lgi XTT=-1 I__
xsT=n,-

S. nA giXPR=C'
Sanlf94 XTP~fl

SgrtM97 GO TO 43C~
-s tIIq a 4n CONTYNUF

s r IOr ~ W S = 0
s_______ C_ le, IIF(qqq-Xp) 3'n293n2,1798

S,('102 1798 CONTINI!F
s~rin3IF(XP) 4ffl13(P24ri

S.fIln4' 13n7 CONTINUF
5,01115 iF(ADS(XQI)-ABS(XOP)) 4C1,-3r?,401 -

s~T AiQM COTNUE
';.nlt'7XCT=XoT*(I.-XP)

S n 1~ m71 Gno inIJ fi

seal ITTlarg I PNflIR4'

S.031 45e CflNTIJIN
S I1l

1  ? - i 'xl A (i II +

SON 1 371CONTINUEF

-S .- NI 4 16 CflNTINIRF

?P Gn Tn177



n 141 4, r rNTINIIF
_q , 14 7T=I
A'4 )C&Ff=XflTtT)*XWDlII)*Xr-fl

s~~nIAS XPA=XP+,;XAM /X&n+AIl*XFX

1 r, nXTT=(1

-.(%151? no Tn i7
. n 97 I~r FXAM=I 1P61-5t8

Sr1'5n 19 4 XPt'=XP+r

S~rl~gXPA = XR+XAM'
s ni6rX.IM=o
-9 V 0; 1Go Tn i?

I P 5 XAM'=.nnnov

XJM=-1.
____ XO=-1

s (I 6fGO TO 32

S-Pi~q XI?=XR*XAM

Sqrl171 GO TO ?2

S,(172 1e XAfd=.fCE~fnOVtO
.S123~~~. XPA=XP-+XAM__________

Sj.r179 GO TO 3?

S."177 - M_.R.jE_(6*496)
Sf'~178 Go TO 999 ___

S.L!1179 51ILF XiLiI) 194, 33. ____

S.118(l24 XAM=-5.
SOMI XPA=XR+XAM

S01~83 GO To 3?
S.C184 2 LEA.F(1.M) 37,3f,15

(1186XPA=XR+XAM
S.O187 - XMC=1.

.01APXZP=-'.
s-rII RqGo TO 2?

2 6AM-90 IO

Figure AIII.1. Splice Program (Conitnued)
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S.C!93GO TO ?7
s~n,194 7 IF(XO) 1823q.41l

S~n I 'i JA xaM=-.rrnnnl
s~JS t'A=XR+XAM

XCPA=XtZXAm

GO To 1'
S . nl f4 4 xAm=--cfnrlCOc~iC,

S.C"C)XPA=XRPICAM

* . GQ TO 22

S.P'?C9 XCPA=XR+XAM
r p i r 1 XR=XPA

S~n217 r6 X7YA=XNR-(1)*XPA/XKAU.,J)
S.nflA1 xns=n
S !! 714 XDI-A~f

______XR=XPA

YTOA=XR
-XTID=XZA

s~r27rC o To pr
is 2-71 8 CONTINUEF

XTO)=XTQ-XOS...______________________
r 2 2 4 9 CONTINUE

XAS=XTI)
S.76IFIS( 141)) d2.?.2

.S..2. 2:L -4 2 4 CTINLF

S.14 2?f' IF(XAPI 165, 165.IOCI-
S-t-31 t-I C ON I I LN UF

IFX7X07i26.15.6
S- 21 561 CGINTINI'F_______

IC(cnn(Tj=xKn~y)

S.022 7 _ nNCSSU)YST

S-.n2-8_ - J E$L-1 9 q 19,4 2'f. 4 2

Se C ,41 47 rONTtNIIF-

Figure A171.1. Splice.-Program (Continued)
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S -P-2 1; 47 CANTNIINU
S~fl~L XcA=XAS*XA(JT s)I

S--48XIA=OI ADXA*WNPQUI-

r 7 XP=wOT-xflAf

______f% __P ___97=X7+ 1..

s . P Ci f:C c,5ePTg

1; r 1)C XOQ-K'S.'e0

1-.9 aq 52C CONTITTNI;
C, Ill 711 P T F ( XNJXZ1 71 ~71 ?PI

S.C-263 Pq7 CrfNTTNtjF
_q -n 2 -4 7A=XTflA

XcnIA=Xlnffi
S 6 YR=XRP*YKA( 18.11

r~pX7 H=X7 A+( X01 A-)cCTA I X7A-X79) /fXrLtR -XOTR-XI+T4
q r, 769XPA=XKA f T $.11 *( X7R I
s -11-fn F(X7R-X7AI q~sqqq~g5

.0. 771 7J1 1=1
q.-272VQTA=Y1QT

q-r7-'C 1nr GOf In 51
s 276 0- 9z YF ( XfltA IXT - .751 1; 13 ,r
ý,np-f ? 7P^7 I(XDLAIAX(T - 1P) c%1851.49

----,C2 r'"A GC~ TO 49
1; r1) fý 70^q TF(XDI&/XCT -. 751 4g,51,2PII

M "' IFUDOIAIXOT -1. It 53,53.51
-R (CONTTNI. __________________

S~r~pi PA=XQ+XAM/1fl.
S , t 7 A4 2 X7R=XNR(J)*XPA/XKA(!..J)

ql5 )CTD=X78
4;,AP6 XR=XPA

________s~ l TAG I PA

S~r~q4 P X TDl= X ID- S

Figur~e AIII.1. Splice Program (Continued)



s -n 24,1Ff XS( I))l 41c;.41 P.41 g

S*C297 41q CONTINUE

S.029stXSSP(1)=XTEl

S~fl2__. p Al= Ip- c

s nc TO 765

-XPA=XAS*XKA(f.j) __

6 9 CflNTINLF
s . 4ýit, 9xntfi=xnLB+XPA*XNR(r)

S ofl In7 XQS=Xtll*XOI!([)+XGS
S.03O XQ= XCS+ XCT

IS . l ý sXQB=XoT-XDIR
j.1 ? If, )cRS=XC/XKSS(TI
s.nA411 XfOS-=X9 S- xSD ___

s -* 112X7=x7+l -

S. v ?13 87 CONTINUE

S.f1'15 lr~4 rCONTINUF

XOIR=XCT

T=1
XtLD(I I r

s ~ Xts=n

r 'A O0 _____

S."112A Xfln=X7R+(XDLIR-(C'TR)*t-X7B-X1A)/tXD(A-XCTA-Xp[B+XOTB)
s P142 c XTCA=XTO)

122 XRP= XTpA
SA~1 GO To e6

74 COnNTINLE

Shi2?4 XTYD=XTD-XDS

S~fl 15 6 CONTINLE

~*P217IF(fS)) 4fqs4t'8,4fg(
4rq rONTINIIF____

R___V___4 __ XSSPfT)=XTD

~.fl~41 %m,=fDARS(XTD)-xsII))/DABS(XTO)
S i4~4 2 TWT) 29--qs
S.nl243 ~38S CONTINLE

S.C!4 TO 23

Figure Alil.]. Splice Program (Continued)



S ~4,L 3cr CCNT INLF
S r-4-7 T=ABSOMT

S~r14p !F~wT-YPI 21191"74,375
S~r-24Q 375 XP=ý-T

S~n2521 374 CC~NT I NL.

S !- 2 54 C TO 122
S~r3595 48CNJL

S.'~56 )cP(I)=XAS*X3KA(I,J)
_____n___57 - -X A 7(rI=X TO

r. " 5 8 FfRY¶) 64P.(,48,13,1

1; 9 .64P rONTINLF

q f% 314- Q 47rnNl&U

.S~fl.3~i .3I~j.JTFlAR,;f XV7JXAPUII _____

S~~r.....7K=7( TI
S I IT= I ___

- s Of, 47c; rP I 1=1

s _l'1 XIflTI=- AETlNP

Cfl Tnl ,,A?'

R . r ,9 2 Cr'NTTNIIF

2 f)C I ll t I I 7c~nlfl( f

perCrOTI=YO-Xi lU

Xt7=XQ74XI-I''P~ -_ _ _T X _ ___ _ _ __ __ _

,q r3 q7 421 XOTA=)COT___________ _________

I Figure AIII.l. Splice PrograM (Ccamtimied)
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_____M!__ LEIXs I T I r't'1) 40~1,4P7,481

-CD T I N I I

-4x C p(r T I r=K( I

,,r4-A XKS~rTThXKSfUT)

44~F 1; CrN TI NLF
S . 4!'c XKDflhII-11=XKfl(TT-1)

S.11411 4F? CC'NT!NUF

S___ r._4_1 r- I c CONTINUF

11A! I; - -- ITT 11)=n*r

S . ;41 KCD( TAT )=XKD(!Tj)
-S ~ -~ 7 KSS( TI! )=XKS(!I I)

S~r419XKSS(ITT.-1=XKS(1TI-1)
S .r4 ~"_ 42 CQNT!NUE

____XP:-L.-XP

S~r42?DV io~nr T=1 A
S*C423 XS(U=)S(I-DA8S(XSSP(1)*XP)

IERY.L 7rC,5

_____ JF(P = I(fl3

1zLgA?9S. -2 qCL'j.tIL'L F

X 7=I.
i.~ FL fJYX S T) 727.7r7,qQ9

CnN~I~TINUE
i43' J.--TRYT) 7Ce,7fr8,737

..P4,Ar 7'P _ ~C N T NLE
S.IA4-26 - --GC TO 736______
S n4 7 -225 79=1+1

S.1141P 736 CCQNTINLF
S~r42?X3IVt
s .r44#, QjT)=r
S.11 441 !L J jJ~r

SL2-4A2 2E L)= 0
S~r44?TFIN-J) 999t714*735

-S.l4A4~ 714 T--1

___44 GO TO 71~7

jS.n447 =+
S.044FX7=XZ+l.

S 0449 71 .2.CONTNL 1E..________________________

Figure A1IU1,1 Splice Program (Conitirnued)
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S_____ __4_ XQKU)I aXcv'(I)*Xp + XO3K( II

545jLjH=XOP* I=*APMT+xPFU)
f%4ý7 WN I I=XLO( I I*xp+xf)tII

S_45 ______ ___ I_____ ______I)__ ______ _____ __II

s 1 XA ( I j. + X LrQXl I))[)*YP+XTC(I1

S~4r ______~lroTIQ

S4 6 t- 426 CONTINLE

GC TO Q

~ 7? 25 CONTINIFE

4 6 711 CCN, I I

S.r4F3 .A" OTIU

L.47 XP (= I.XS ____

____ n TFEIA 2o

IQI1
r,34 W IE 6 17 9 'Iz.r



I~ ~~ o .

-- oo_- 1j~ _
-- j

_ 1 1.38 1 .L O)

.074f ý - 1.... 1.0 .10,,) 2

S. .. .. .0• . 0 O - - 03 13 0 . . ......0.... .. ..

.41 I. 1 1 0 .102 2.... . 1 A.

- _ 1,0 -072 1,1R 1 $10? 268. -
.,.-Q. . .. ,)72 1 1 .0 _. ;A - 6.. 1

... 138 1.0 .1w. 82.. .01
1 •00 . 072 1 _,8 1•0 .2! q

0.... , 072 1 .38 1.0 .. 10) 2 L 0... . o. iJ.fL..

1 072 1 1 8 1 *0*1~ ~
1_7 1.0• 02 .. .1 .. ... 88C

,10.070 '. 1.A3 1.0 -. 10 V

1.0 O ,07-9 1.3R 1.0 _.j0 ''? A Q02___i. ,

4. . . _072 1.38 1.0 ,102 1.8 , _ O 1,

- ~00

*1 -of)

: 0 .: 0 ,_____,, __82. . . ._ ,._ _O .. _____ , ,,

1 ;00007.I. 8 • . I0 .8 _____-_______O__._ _

1 1,75 00 . -JU500 60 10 .- ( 32000. 19 2 i00 1•)1 . .o
117•e00, A7) 6n 70( 12000, 1220 0• J2 00 _

1175 0:). 105600, 6o700.o00. 1P0. ___

1175 '07. 60701 32000 . 10200. 12 q PI....C-_ ..... .

1~~~~~~~~~ 00~00 0'~0.67.. ~ 'Tf. 191 ?fQ)l 0 i ~

Figure AIII.2 Splice Program Input Data
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